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1. Introduction
The flow blockage accident in a Fuel Assembly (FA) of a nuclear reactor consists of a partial or total
occlusion of the flow passage area. This leads in general to a degradation of the heat transfer between
the FA and the coolant potentially causing a temperature peak in the clad which can eventually lead to
the fusion of the clad itself. While a partial blockage at the fuel assembly foot may be dangerous for
the integrity of the FA (e.g. Fermi 1 fuel meltdown accident), see NRC (2011) and Bertini (1980), the
phenomena can be investigated and assessed by an integral system code in order to devise proper
mitigation actions. On the other hand, an internal blockage can be even more dangerous and it is not
easy to detect; this kind of blockage can be more effectively modeled and studied by a proper use of a
CFD code.
Regarding the sodium fast reactors, they generally adopt wire-spaced bundles, and the accumulation of
debris from failed fuel pins or broken wires, generally occurs along the wire. Therefore, in this case,
the preferential shape of the blockage is elongated and it follows the helicoid wire (Schultheiss, 1987).
For grid-spaced fuel assemblies, experimental results on blockage growth by particles show that
particles with sizes spread around the subchannel dimensions are collected at the spacer grid. A
horizontal plate like particle bed with strong radial growth tendency was found (Schultheiss, 1987). In
this paper the attention is focused on the grid-spaced bundles. From these remarks, the most likely
internal blockage in a grid-spaced bundle is at the lower spacer grid, and, if the spacer grid is
positioned in the active region, a remarkable effect can be evidenced and a possible damage can occur.
In principle, in the latter case, two different effects can be distinguished:
A local effect due to the stagnation-recirculation/wake region downstream of the blockage,
with a local minimum of the heat transfer and a clad temperature peak;
A global effect due to the lower mass flow rate in the blocked subchannels; this effect leads to
an increase of the bulk fluid temperature with respect to the ‘unblocked’ regions and a
consequent peak in the clad temperature at the end of the active region.
In Figure 1, a very conceptual representation of the flow blockage accident is shown. The flow passes
the obstacle and a recirculation region with relatively low velocities ensues just downstream of the
blockage. This flow pattern leads to the phenomenology described above as a local effect and a global
effect.
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Figure 1 Schematic representation of a flow blockage.

As a consequence of the above considerations, the most critical (and conservative) case to be
considered from the safety point of view is the blockage at the beginning of the active zone, where the
local effect is present, and the global effect is maximum because the entire active length is available to
heat up the bulk temperature of the coolant in the blocked subchannels.
In this report, numerical analysis will be presented of flow blockage event in a fuel assembly of Heavy
Liquid Metal (Lead) cooled ALFRED reactor. Due to the crucial role of the heat transfer in the
stagnation-recirculation/wake region in this context, the turbulence in this region must be carefully
assessed. In fact, in the case where the turbulence thermal diffusion overcomes the molecular
diffusion, the clad temperature peak downstream the blockage is largely independent of the nature of
the fluid, i.e. by the Prandtl number. On the opposite, if the recirculation region is a ‘stagnation’ region
with low turbulent heat transfer, the physical nature of the coolant, and in particular the Prandtl
number, plays the major role in the establishment of the peak temperature. From the literature, it is not
very clear which of the two phenomena is the most important, although some simplified theories
assume that the turbulence dominates downstream the blockage and therefore the temperature peak is
independent by the Reynolds and the Prandtl number (Han & Fontana (1977)). Probably, a systematic
comparison between different coolants has not yet been performed; therefore any preliminary
conclusions may not have sufficient basis.
In any case, in References, the specific literature for flow blockage in liquid metal cooled bundles
were reported, i.e. sodium and lead, being the flow blockage phenomena in light water reactors a quite
different matter because of the unity order of the Prandtl number (Chang et al (2011), Han and
Fontana (1977), Hooper and Wood (1982), Klein and Sesonske (1981), Kirsch (1975), Lu et al.
(2009)).
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For the heavy liquid metal cooled GEN-IV reactors studied in these years by the scientific community,
the flow blockage accident must be considered as one of the reference accidents, and probably the
most dangerous for the core integrity. In fact, most of the known accident that have occurred in the
LBE cooled fast reactors of the Alpha-class Russian nuclear submarines, are apparently caused by a
flow blockage accident, see Zrodnikov et al. (2000), Warden et al. (1997).
An interesting review on flow blockage phenomena in LMFBR fuel assemblies is given in Han &
Fontana (1977). The paper gives a quite complete review of the investigations on flow blockage in
sodium reactors and keeps into account all the technical and scientific development of ‘60s and ‘70s
on sodium cooled fast reactors. The review especially refers to experimental and analytical
investigations performed in United States and Germany, the authors develop an analytical approach to
predict the flow blockage effects.
The blockages at the foot of a fuel assembly may have significant effects in the fuel assembly if
coolant mass flow rate is significantly reduced and the blockages would be easily detectable in the
case of closed FA . The effect of blockage on reactor safety depends in principle on several factors:
size and location of the blockage, nature of the coolant, fuel pin power, and coolant velocity in the
assembly. In closed FA, blockages in flow channels will increase the hydraulic resistance and reduce
the flow rate.
Experimental data on Clinch River Breeder Reactor (CRBR), the Fast-Flux test facility (FFTF), and
the German Sodium-cooled fast Reactor (SNR) are provided in the review. CRBR and FFTF have 217
fuel pins each assembly and are wire-wrapped spaced, while SNR FA consists of 169 pins in a
triangular lattice, grid-spaced, and enclosed in a hexagonal wrap. The SNR is particularly interesting
for our purposes, because the reference configuration for a Lead Fast Reactor Demonstrator is gridspaced.
With the typical approach of the ‘70s, Kirsch (1974) developed a simplified theory to describe the
thermo-fluid dynamic phenomena downstream the blockage. The basic assumption is that turbulent
diffusion dominates both for momentum and for energy, and thus the molecular heat transfer is
negligible. With this hypothesis, the author shows that for sufficiently high Reynolds and Peclet
numbers, the dimensionless temperature distribution in the wake is independent of the Reynolds and
the Prandtl number, i.e. by the flow and the nature of the fluid. Comparison between experimental
results in sodium and water seems to partially confirm these conclusions with a difference between the
two fluids of 25%. This difference is probably due to the residual influence of the coolant. Therefore,
according to the author, it could be possible to have a ‘universal’ dimensionless temperature profile
function of the fraction β of the blocked flow area. From this point of view, the main difference
between sodium and lead as coolant is the possible onset of boiling in sodium due to the lower boiling
temperature (890 °C) with positive reactivity feedback and power excursion. In lead, with a boiling
temperature of 1740 °C, this scenario is unlikely in the case of flow blockage.
From a theoretical point of view, it could be interesting to confirm or disconfirm these conclusions by
CFD numerical simulations, i.e. by the direct solution of the Navier-Stokes equations. The only way to
numerically investigate the flow blockage in realistic configurations is by the use of turbulence
models, being DNS or LES not feasible at Reynolds numbers ∼105 typical of the fuel assemblies. The
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controversial point is the ability of the turbulence models to describe the turbulent heat transfer for
liquid metals, but probably this issue was too much emphasized in the last years, and the same
turbulence models developed for unity Prandtl number fluids like ‘water’ can be largely used to
compute turbulent heat transfer in low Prandtl number fluids with the same level of accuracy as in
water. Moreover, the velocity fluctuations have the same nature in all the fluids, and thus the
turbulence level in the wake region can be predicted for liquid metals with the same accuracy as in
water. This latter prejudice justifies further theoretical studies in support of experimental results in the
‘80s (Klein and Sesonske (1981), Hooper and Wood (1982)), when computational tools had already
been available. Not so many CFD studies appeared in the 90’s and 00’ on the flow blockage in Liquid
Metal cooled fast reactors, probably because of the decreasing importance of these kinds of reactors.
In the last years, due to the growing interest in the developing of GEN-IV prototypes and
Demonstrators, the interest in sodium-cooled and lead-cooled bundles is high again. Nevertheless,
only a small number of CFD studies appeared in the literature and sometimes these studies adopted
simplified models for the bundle (porous media) and the focus was on the whole reactor (Maity et al.
(2011)). Generally, system codes like RELAP are commonly adopted by the safety analysts to
compute flow blockage in reactor Fuel Assemblies (Lu et al. (2009)), although the local nature of the
involved phenomena does not fully justify this common practice. An intermediate practices is to apply
subchannels codes to evaluate these phenomena, see e.g. Chang et al. (2011) for SFR.
In the first part of the present work (Sections 2 and 3), the main results related to the pure thermo-fluid
dynamic analysis of the flow blockage in the ALFRED FA will be presented. This analysis does not
include the neutronic feedback due to the local and overall FA temperature variation induced by the
blockage. At a first step, this feedback was considered a second order effect, and the results were
published in International journal (Di Piazza et al.(2014)).
Section 4 is devoted to a preliminary quantification of the neutronic feedback effect on the power and
on the temperature field. The methodology will be described in details in Section 4, and it is based on
an evaluation of the feedback coefficients via the ERANOS 2.1 neutronic code (G. Rimpault, (2002) ).
These coefficients are used to quantify the reactivity insertion due to the thermal transient obtained by
a CFD code. The effect of reactivity insertion on the power is then evaluated by the implementation of
the 6-groups point kinetic equations into the CFX code. This scheme opens the possibility of a future
two-way coupling between codes.
According to the literature, flow blockage accident simulations were performed by means of different
methods and neutronic feedback are thus considered following each related assumption and
hypothesis.
Actual temperature fields throughout the core – namely inside fuel, cladding and coolant – are
subjected to transients and such modifications induce global multiplication coefficient of the system to
vary. As a consequence, related positive or negative reactivity insertion occurs.
Moreover, fuel temperature change has an impact on neutron absorption via Doppler broadening
acting on resonance self-shielding. By contrast, materials density is worth to be considered as well. In
particular, coolant is mainly concerned since temperature increase impacts absorption and reflection
features – namely neutron balance of the core as a whole.
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LFRs are fast-spectrum systems in which flux shape is normally treated according to transport theory
as for small nuclear systems - compared to typical diffusion length.
Thus, preliminary assessment is worth to be carried out regarding neutron kinetics method employed best trade-off between results precision and calculation strategy needs is achieved.
Literature review pointed out several flow blockage studies performed through neutron point kinetics
approximation.
Foremost, material testing reactor cores are treated in this fashion to simulate either partial or full
channel blockage and related transients (Qing Lu et al. (2009)). The latter paper accounts for constant
power profile according to such a kinetics model, coherently to other studies for IAEA standard MTR
(Adorni et al. (2005)).
Concerning water-cooled reactors at large, it is worth to underline how flow blockage analysis is in
principle considered as a thermal-hydraulic issue in which many studies mainly concern temperature
field analysis even with loosely-coupled neutronic models (X. J. Liu (2013)). 3D coupling efforts are
anyway still present in transport approximation for some local detailed analyses (S. Jewer (2014)).
Similarly, preliminary references show flow blockage evaluations being small amounts of reactivity
concerned by central channel void or blockage as in Salah Ud-Din Khan et al. (2014) or as reported by
Hyung Min Son et al. (2015).
Local central-channel effects are treated also by means of a particular weighted feedback coefficient
utilization. Total core parameters are split according to neutron importance (adjoint flux) regarding a
particular part of reactor domain. This appears a good compromise in utilizing integral information
and local investigation needs (Ampomah-Amoako (2013)).
Flow blockage accidents are conversely considered in case of sodium-cooled reactors and a study is
reported in Chang et al. (2011). A channel analysis is performed by a channel blockage and neutronic
feedback is related to total core point kinetics.
Present study aims at improving previous evaluations by means of neutronic feedback for a detailed
flow blockage accident analysis - related impact on temperature is computed by means of a one-way
coupling model. Very few examples are treated in literature concerning LFRs blockage accident
simulations and it appears a quite cutting-edge topic to authors’ knowledge.
Neutron point kinetics is then retained as a modelling approach. Feedback coefficients are evaluated
through local properties variations and related impact on global system reactivity.
Actual reactivity insertion and variation is then applied to the whole system in a point kinetics
approximation in which local previous results are employed in a lumped system model.
First design verification is coherent with simulation hypothesis, point kinetics is provided by local
information effectively related to system change during flow blockage transients.

2. Numerical Models and methods
2.1. General Considerations
From the arguments in section 1, it is evident that the flow blockage is basically a local phenomenon,
and the main issue to investigate is the thermal-hydraulic behaviour of the region downstream of the
obstacle because it determines the clad temperature peak. For this reason, a local fully detailed CFD
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analysis was carried out in order to assess the impacts of a flow blockage. The viscous sub-layer was
resolved with several points in all the simulations presented here. A value of y+∼1 is guaranteed in the
whole domain.
From a physical point of view, the reactivity feedback due to the temperature variation in the domain
was not considered at this stage in Section 2 and 3. A constant power distribution was considered as
well, neglecting the axial power profile typical of the nuclear reactors. In addition, spacer grids have
not been modelled being not very relevant for the phenomena to investigate.
The computational domain includes the active region, the non-active region upstream and downstream
and the FA plenum. The wrap of the FA is modelled as well and a bypass flow is considered; the
thermal conduction in the pin clad is kept into account.
Constant thermo-physical properties were assumed for Lead at 450°C, according to Table 1(OECD,
2007). For the clad material (SS 15-15 Ti) and the wrap material (T91), constant physical properties
were considered at 450 °C according to Table 2 and Table 3 (RCC-MRx, 2010).

Table 1 Physical properties of Lead at 450 °C.

ρ [kg/m3]

Density

10503

ν [m2/s]

Kinematic viscosity

1.9·10-7

k [W/mK]
cp [J/kgK]
Pr

Thermal Conductivity
Specific heat at constant pressure
Prandtl number
Thermal expansion coefficient

17.15
145.9
0.01697
1.137·10-4

α [1/K]

Table 2 Physical properties of SS 15-15 Ti (Clad material) at 450 °C.

ρ [kg/m3]

Density

7800

k [W/mK]
cp [J/kgK]

Thermal Conductivity
Specific heat at constant pressure

20.2
565

Table 3 Physical properties of T91 (Wrap material) at 450 °C.

ρ [kg/m3]

Density

7600

k [W/mK]
cp [J/kgK]

Thermal Conductivity
Specific heat at constant pressure

28.3
600

The buoyancy term was explicitly included in the momentum equation, due to the potential role of the
local buoyancy in promoting heat transfer in the wake region. The exact production term in the kinetic
energy equation was included as well. Fully convergence was reached in all the simulations presented
in this paper.
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2.2. Numerical Methods
The general purpose code ANSYS CFX 13 was used for all the numerical simulations presented in this
paper. The code employs a coupled technique, which simultaneously solves all the transport equations
in the whole domain through a false time-step algorithm. The linearized system of equations is
preconditioned in order to reduce all the eigenvalues to the same order of magnitude. The multi-grid
approach reduces the low frequency error, converting it to a high frequency error at the finest grid
level; this results in a great acceleration of convergence. Although, with this method, a single iteration
is slower than a single iteration in the classical decoupled (segregated) SIMPLE approach, the number
of iterations necessary for a full convergence to a steady state is generally of the order of 102, against
typical values of 103 for decoupled algorithms. For the transient calculation, the CFL=1 criterion was
adopted leading to a time step ~ 1 ms.

2.3. Turbulence Models
The SST (Shear Stress Transport) k-ω model by Menter (1994) is extensively used in this paper. It is
formulated to solve the viscous sub-layer explicitly, and requires several computational grid points
inside this latter. The model applies the k-ω model close to the wall, and the k-ε model (in a k- ω
formulation) in the core region, with a blending function in between. It was originally designed to
provide accurate predictions of flow separation under adverse pressure gradients, but it was applied to
a large variety of turbulent flows and is now the default and most commonly used model in CFX-13
and other CFD codes. This structural feature of the model to predict in a good way flow separation and
recirculation gives a good confidence in applying the model to compute flow blockage in fuel
subassemblies. The turbulent Prandtl number in the case of lead was fixed to 1.1, according to the
suggestion of the literature (Cheng and Tak (2006)) and to the author’s experience (Scarpa (2013)).

3. Flow Blockage in the hexagonal wrapped ALFRED FA (no reactivity
feedback)
3.1. ALFRED FA CFD Model
The Fuel Assembly of the ALFRED Lead cooled reactor was considered here as the reference
configuration to investigate. The fuel assembly is a wrapped hexagonal lattice bundle with 127 rods,
grid-spaced, with rod diameter d=10.5 mm, pitch to diameter ratio p/d=1.32 and an active length L=0.6
m. The total thermal power of the reactor is Q~300 MW.
A sketch of the fuel assembly seen from the top is shown in Figure 2, while in Table 4 the main
geometrical and physical parameters for the ALFRED FA are reported (Mansani, 2013). Figure 3
reports a lateral view sketch of the ALFRED Fuel Assembly.
A flow blockage at the beginning of the active region was considered here as the most critical case, for
the reasons discussed in section 1.
For the correct description of the involved physical phenomena, the choice of the correct
computational domain and boundary conditions is crucial. A wrong or superficial choice would lead to
inaccurate or non-physical results. Almost the entire FA was modelled, without any symmetry planes
and including the clad and wrap thermal structures and the bypass flow.
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A sketch of the computational domain seen from the top is shown in Figure 4. The computational
domain reproduces azimuthally the entire fuel sub-assembly, and periodic or symmetry boundary
conditions are not needed. The model includes: the lead inside the FA, the pin clad, the FA wrap and
the lead bypass. Symmetry boundary conditions are applied on the external side of the lead bypass. A
3D view of the modeled computational domain is shown in Figure 5. In the axial streamwise direction,
the model includes: the entry non-active region, the active region, the downstream non-active region
and the FA plenum. This latter allows to study the mixing phenomena and the detectability of the
blockage. The streamwise vertical length of the different portion of the domain are summarized in
Table 5. For all cases presented here, the blockage is located at the beginning of the active region as
shown in Figure 6.

Figure 2 Sketch of the ALFRED Fuel Assembly: top view.
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Figure 3 Sketch of the ALFRED Fuel Assembly: lateral view.
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Table 4 Basic Geometrical and Thermal-hydraulic parameters of the DEMO ALFRED Core.

Rod diameter d
Pitch to diameter ratio p/d
Subchannel Equivalent Diameter Deq
Number of fuel rods
Clearance between assemblies
Assembly pitch
Mean Assembly Power
Mean Rod Power
Mean Wall Heat Flux qwall
Conservative Wall Heat Flux
(for engineering computations)
Active Height L
Lead Inlet Temperature Tinlet
Lead Outlet Temperature Toutlet
Lead Bulk Velocity
Lead flow average FA
Bypass flow average FA (3%)
Clad
Maximum
Temperature
(expected under nominal conditions)
Total number of FA in the CORE
Total Reactor Thermal Power

10.5 mm
1.32
9.68 mm
127
5 mm
171 mm
1.75 MW
13.814 kW
0.7 MW/m2
1 MW/m2
0.6 m
400 °C
480 °C
1.4 m/s
144.1 kg/s
2.76 kg/s
550 °C
171
300 MW

Figure 4 Computational domain for the CFD: top view.
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Figure 5 Computational domain for the CFD: perspective view.

Table 5 Main streamwise dimensions of the computational model of the ALFRED FA.

H1
H2
H3
H4

Entry
Active
Downstream
Plenum

500 mm
600 mm
180 mm
500 mm

Figure 6 Computational domain for the CFD: blockage location.
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For the unperturbed case without blockage, a total FA mass flow rate m=144.1 kg/s, constant
temperature (Tinlet=400 °C), boundary conditions were imposed at the inlet coherently with the
nominal data of Table 4 corresponding to the average FA, while pressure boundary conditions were
imposed at the outlet. At the internal pin wall in the active region, a constant heat flux qwall=1 MW/m2
was imposed. This value represents a value corresponding to the highest power FA, and thus the
analysis is conservative from an engineering point of view. The shape axial peaking factor in the
active region has not been considered at this preliminary stage of the design of the FA.
Moreover, a bulk volumetric source term was evaluated from neutronic data and considered in the
active part of the domain, to correctly keep into account the gamma power release. The imposed
power density in the different portion of the domain are summarized in Table 6.
Table 6 Power density due to the gamma release in the FA.

Lead (FA)

10 MW/m3

Wrap

15 MW/m3

Lead (Bypass)

10 MW/m3

For the cases with flow blockage, inlet mass flow rate boundary conditions were imposed coherently
to preliminary RELAP5 computations for different area blockage fraction β (Bandini et al. (2013)).
For an open element, a blockage does not induce any flow variation in the FA, i.e. the average velocity
far upstream of the blockage remains unperturbed. On the opposite, for wrapped elements like the one
under investigation here, a blockage increases the hydraulic resistance of the element itself, and the
mass flow rate through the element is reduced according to the fraction of the area blocked. It has to
be noted that the reduction of mass flow rate is not linear with the reduction of pass-through area,
therefore the value of mass flow rate used for the simulation was provided by preliminary RELAP5
computations (Bandini et al. (2013)).
In Table 7, the computational test matrix is reported with the following fields: case number, simulation
type (Stationary/Transient), Block Type (Central, Side, Corner), Number of blocked subchannels
Nblock, blocked area fraction β, inlet FA mass flow rate m, ratio between the mass flow rate m and the
unperturbed value m0=144.1 kg/s.
Table 7 Test matrix adopted for the flow blockage computations in the ALFRED FA
CASE Number

TYPE

BlockTYPE

Nblock

β

m [kg/s]

m/m0

0

STATIONARY

-

0

0.000

144.14

1.00

0TRANS

TRANSIENT

-

0

0.000

144.14

1.00

1

STATIONARY

CENTRAL

1

0.008

144.14

1.00

2

STATIONARY

CENTRAL

7

0.055

144.14

1.00

11

STATIONARY

CENTRAL

19

0.150

136.93

0.95

12

STATIONARY

CENTRAL

37

0.291

129.72

0.9
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13

STATIONARY

CENTRAL

61

0.480

108.10

0.75

19

TRANSIENT

SIDE

3

0.024

144.14

1

20

STATIONARY

CORNER

3

0.024

144.14

1

21

STATIONARY

CENTRAL

19

0.150

136.93

0.95

28

TRANSIENT

CENTRAL

1

0.008

144.14

1

29

TRANSIENT

CENTRAL

7

0.055

144.14

1

30

TRANSIENT

CENTRAL

19

0.150

136.93

0.95

The computational mesh is multi-blocks fully structured with a resolution close to the wall such to
achieve a y+ of the order of 1 for the nominal FA mass flow rate. These features guarantee high
accuracy to the model and minimize the discretization error and allow to integrate turbulence model
equations down to the viscous sublayer. The total number of nodes is around 21.5·106, with 160 nodes
in the axial direction. A mesh independence study was carried out, but it is not reported here,
confirming that the used mesh provides results that are largely mesh independent.
Figure 7 reports the inlet view of the adopted computational mesh, with two levels of zoom on a pin
and a subchannel, where the mesh resolution at the wall can be fully appreciated. Figure 8 reports the
computational mesh at the outlet section, while Figure 9 is a perspective view of the active region with
a zoom of the mesh in the blocked region. The vertical mesh resolution downstream the blockage is
less than 2 mm.

Figure 7 Computational mesh adopted: FA inlet. Two levels of zoom allows to appreciate the mesh
resolution at the wall.
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Figure 8 Computational mesh adopted: FA outlet.

Figure 9 Computational mesh adopted: perspective view of the rods and zoom of the blocked area region. The vertical
resolution downstream the blockage is less than 2 mm.

3.2. ALFRED FA RESULTS
3.2.1. Nominal unperturbed solution
The nominal unperturbed solution without any blockage is analyzed as a reference to check if the
model provides reasonable results and to have the baseline to evaluate the effect of the blockage. The
case was conventionally named case 0.
Figure 10 shows the w vertical velocity contours in a longitudinal transversal plane ZX of the
computational domain. It is remarkable that the flow becomes hydro-dynamically fully developed
before the beginning of the active region, and it confirms that the mechanical entry length is less than
10 hydraulic diameters. The other remarkable feature is the mixing phenomena at the beginning of the
plenum region, see the zoom view in Figure 11.
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Figure 12 shows the temperature contours in the fluid and in the thermal structures in the same
longitudinal transversal plane ZX. The overall vertical temperature gradient is clearly visible and the
outlet bulk temperature is about 503 °C as it is expected from a simple thermal balance based on the
imposed heat flux and mass flow rate. Temperatures up to 530°C were reached at the end of the active
region in the clad. Figure 13 shows a zoom view of the temperature contours in the same ZX plane
with the superimposed velocity vector.
Figure 14 shows

the vertical velocity contours in the XY plane in the middle of the active region, where
the small hydrodynamic boundary layers close to the pins can be observed. In the proximity of the
wrap, the contour shape is deformed due to the no-slip effect of the wall, both in the side and in the
corner regions, with bulk values of 0.8-1 m/s in the side subchannels compared to 1.5-1.6 m/s in the
internal ones.

shows the temperature contours in the XY plane in the middle of the active region. The
central channel-wall temperature difference is of the order of ~50°C, while the bulk-wall temperature
difference is ~40 °C with heat transfer coefficients based on this difference HTC~2.4·104 W/m2K and
Nusselt numbers Nu~14. These data are coherent with the Nusselt numbers expected in liquid metals
for the present Peclet number Pe~1200.
Figure 15

In Figure 15, a residual thermal coupling between subchannels with a non-uniform azimuthal wall
temperature distribution can be clearly observed. The most relevant effect is the presence of the typical
cold fluid regions in the subchannels close to the FA wall. This is an effect of the almost adiabatic
conditions at the wall which imply a smaller power per unity mass flow rate in these subchannels with
respect to the standard central subchannels. Another relevant feature is the presence of clad hot regions
in the corner due to the lower heat transfer coefficient in the corner. This leads to an azimuthal
temperature difference of ~50 °C in the clad of the corner pins with associated deformation and
stresses. All these results are coherent to the authors’ experience on the ICE Fuel Pin Bundle
Simulator of the CIRCE facility (Di Piazza et al.(2013))
The computed pressure drop across the modeled FA is ∆pIO∼25000 Pa.

Figure 10 Streamwise velocity contours in the symmetry ZX plane.
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Figure 11 Streamwise velocity contours in the symmetry ZX plane: zoom view.

Figure 12 Temperature contours in the symmetry ZX plane.
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Figure 13 Temperature contours in the symmetry ZX plane with superimposed velocity vectors: zoom view

Figure 14 Streamwise velocity contours in the XY plane in the middle of the active region.
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Figure 15 Temperature contours in the XY plane in the middle of the active region.

3.2.2. Comparison between CFD and system codes for foot blockage
The topic covered into the paper is the internal blockage of ALFRED lead-cooled FA. This is not easy
to simulate with a system code due to the local phenomena involved. Due to the high boiling
temperature of the coolant (1750 °C), different from sodium and water, the boiling of lead due to the
blockage is virtually impossible, because before boiling the structural material would collapse. This
fact implies that the flow is strictly single-phase and CFD methods are well tested in that case.
A comparison between CFD and SYS-TH methods is possible for foot blockage, where several system
code analyses were carried out during the last FP7 projects and in papers.
RELAP5 simulations were presented by Bandini et al. (2013) on different accidental scenarios of the
ALFRED reactor. In the paper, foot blockage with blocked area fraction β from 0.1 to 0.95 are
simulated. Detailed data on the mass flow rate in the FA and the axial power distribution used in the
RELAP computations were provided to the authors of the present paper (Bandini(2014)). The axial
power density distribution per unit length qʹ[kW/m] adopted in the RELAP simulations is reported in
Figure 16, where zactive represents the vertical coordinate from the beginning of the active region. In the
RELAP model, the FA is considered adiabatic with respect to the neighbouring Fuel Assemblies, and
therefore heat losses for lateral conduction were neglected.
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Figure 16 Power density distribution adopted in the RELAP5 computations.

Two test cases were simulated with CFD for comparison, for values of blocked area fraction β 0.8 and
0.9. The computational test matrix is reported in Table 8. Boundary conditions of the CFD model were
fixed as coherent as possible with the RELAP model. Therefore the exact power density distribution in
Figure 16 was adopted in the CFD model and the FA was considered adiabatic by removing the wrap
and the bypass from the CFD model. The computational mesh used for these calculations is the same
adopted for the unperturbed solution in section 3.2.1, fully described section 3.1.
Table 8 Test cases adopted for the comparison between CFD and system code.
CASE Number

TYPE

BlockTYPE

β

m [kg/s]

CFR80

STATIONARY

FOOT

0.8

69.788

CFR90

STATIONARY

FOOT

0.9

37.066

Figure 17 and Figure 18 reports the comparison between CFD and RELAP for CFR80 and CFR90
respectively. The comparison is in terms of bulk and clad axial temperature distributions in the active
region. In both cases, the agreement is very good on the bulk temperatures in the whole active region.
Regarding the clad temperature, the agreement is very good in the upper part of the active region with
differences of 1-3 °C. Notably, CFD and RELAP5 predict the same maximum clad temperatures in
both cases, i.e. ∼635 °C and ∼825 °C for β=0.8 and 0.9 respectively. The reason for the partial
disagreement between the two codes in the lower part of the active region for Tclad is tied to developing
of the thermal boundary layer which is captured by CFD: in the first 0.3 m the clad temperature profile
is not parallel to the bulk temperature profile and the temperature difference between wall and bulk is
not constant.

Considering these results, it can be definitely stated that the agreement between CFD and system code
is very good for the foot blockage of the ALFRED FA.
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Figure 17 Comparison between CFD and system code (RELAP5) computations for 80% area foot blockage; z active is
the vertical coordinate starting from the beginning of the active region. The bulk temperatures Tbulk and the clad
temperature Tclad are reported.

Figure 18 Comparison between CFD and system code (RELAP5) computations for 90% area foot blockage; z active is
the vertical coordinate starting from the beginning of the active region. The bulk temperatures Tbulk and the clad
temperature Tclad are reported.

3.2.3. Central blockage: stationary solutions (C1, C2, C11, C12, C13)
Several stationary solutions were computed with different degrees of central blockage. The neutronic
feedback is not considered here.
For case 1 of Table 7 (one blocked subchannel), Figure 19 shows the streamwise velocity distribution in
the ZX midplane. From an hydrodynamic point of view, the perturbation on the flow caused by the
blockage is local with a small recirculation region downstream the blockage and a slightly reduced
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mass flow rate in the blocked subchannel. Figure 20 shows the temperature field in the same ZX midplane. The dominant effect is an integral effect due to the reduced mass flow rate in the blocked
subchannel. This leads to a hot subchannel with the associated mixing phenomena in the plenum
region, and the maximum clad temperature at the end of the active region in the blocked subchannel.

Figure 19 Streamwise velocity contours in the ZX midplane for case 1.

Figure 20 Temperature contours in the ZX midplane for case 1.

shows the streamwise velocity distribution in the ZX midplane for case 2 of Table 7 (seven
blocked subchannels). From an hydrodynamic point of view, there is wake/recirculation region
downstream the blockage and a reduced mass flow rate in the blocked subchannels. Figure 22 shows the
temperature field in the same ZX midplane. The dominant effect is the integral effect due to the
reduced mass flow rate in the blocked subchannels. This leads to hot subchannels with the associated
mixing phenomena in the plenum region, and the maximum clad temperature at the end of the active
region in the blocked subchannels.

Figure 21
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Figure 21 Streamwise velocity contours in the ZX midplane for case 2.

Figure 22 Temperature contours in the ZX midplane for case 2.

For case 11, the number of blocked subchannels is nineteen, i.e. three ranks, and the blocked area
fraction β~0.15. Figure 23 shows the streamwise velocity contours in the ZX midplane. A large
recirculation region develops downstream of the blockage. The toroidal vortex is shear-induced by the
flow in the non-blocked peripheral subchannels, see zoom view in Figure 23. The recirculating vortex
downstream the blockage is elongated with an aspect ratio ~2-2.5. The central descending velocity is
of the order of 0.8-1 m/s and guarantees good cooling conditions in the central pins of the blocked area
downstream of the blockage. This fact is evidenced in Figure 24, where the temperature contours in the
same XZ midplane are represented for case 11.

Ricerca Sistema Elettrico

Sigla di identificazione

Rev.

Distrib.

Pag.

di

ADPFISS – LP2 – 057

0

L

25

48

Figure 23 Streamwise velocity contours in the ZX midplane for case 11.

The maximum clad temperature downstream the blockage is not located in the central pins of the
blocked region, but at the center of the toroidal recirculating vortex; therefore in the ZX midplane two
maxima can be evidenced. Another temperature maximum is located at the end of the active region in
the central pin. This maximum is due to the lower mass flow rate in the blocked subchannel and it can
be view as an integral effect. In case 11, the clad temperature maxima downstream the blockage and at
the end of the active region are of the same order, i.e. ~740 °C.

Figure 24 Temperature contours in the ZX midplane for case 11.

For case 12, with thirty-seven blocked subchannels (4 ranks), blocked area fraction β~0.29,
qualitatively similar phenomena can be evidenced,. Figure 25 and Figure 26 show the streamwise
velocity and temperature contours for the ZX midplane. For this larger blockage, from the heat
transfer point of view, the dominant phenomena becomes the recirculating vortex downstream of the
blockage, where temperatures around 1000 °C, are reached in the coolant.
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Figure 25 Streamwise velocity contours in the ZX midplane for case 12.

Figure 26 Temperature contours in the ZX midplane for case 12.

and Figure 28 show the streamwise velocity and temperature contours for the ZX midplane for
case 13, 37 subchannels (5 ranks) blocked, blocked area factor β~0.48. In this case almost 50% of the
flow passage area is blocked, and a large recirculation shear-induced toroidal vortex develops
downstream of the blockage section. The maximum clad temperature in the stagnation points in the
vortex center is ~1500 °C.

Figure 27

As final remark, it can be noticed that on the maximum clad temperature the integral fluid dynamic
effect due to the reduced mass flow rate in the blocked subchannel is dominant for small blockages
(β<0.1), with the clad absolute maximum temperature located at the end of the active region in the
central blocked pin. For large blockages (β>0.2), the dominant phenomena is the recirculation vortex
and the clad absolute maximum temperature is located downstream the blockage in the center of the
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vortex (stagnation point) in the peripheral pins of the blockage. In this case the maximum at the end of
the active region is present but it is less important.

Figure 27 Streamwise velocity contours in the ZX midplane for case 13.

Figure 28 Temperature contours in the ZX midplane for case 13.

3.2.4. Central blockage: transient solutions (C28, C29, C30)
Starting from the stationary unperturbed solution case 0, some transient calculations (URANS) were
carried out with the same computational features (mesh, boundary conditions, turbulence models) of
the corresponding stationary cases. In particular, case 28, case 29, and case 30 of Table 7 refer to 1, 7
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and 19 subchannels blocked respectively, and they must be compared with the corresponding
stationary cases 1, 2 and 11.
The monitoring points in the following graphs are located in the central subchannel of the FA, at
different vertical coordinate z: P1 in the middle of the active region, P2 at the outlet of the active
region, P3 at the end of the rod, P4 at the outlet section of the FA. P5 is located at the outlet section of
the FA 10 mm far from P4.
shows the streamwise time velocity behaviour in some monitoring points for case 28
(Nblock=1). The time-dependent simulation actually starts at t~1.5 s, from unblocked Initial Condition
case 0 see the blue line in the figures. Figure 30 shows the temperature time dependent behaviour in the
same monitoring points; Pmax shows the maximum temperature in the clad. Some relevant
considerations yield:
Figure 29

The hydrodynamic and thermal time scales of the transient are similar and of the order of 11.5 s in this case (small blockage); the maximum clad temperature is ~580 °C and this
confirms results from stationary simulation case 1.

Figure 29 Streamwise velocity w against time in some monitoring points for case 28

(Nblock=1).
Figure 30 Temperature against time in some monitoring points for case 28 (Nblock=1).

and Figure 32 show the same quantities as Figure 29 and Figure 30 for case 29 (Nblock=7). In this
case the time-dependent simulation actually starts at t~2.8 s from unblocked Initial Condition case 0,

Figure 31
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see the blue line in the figures. Hydrodynamic and thermal time scales are of the order of 1.5-2.0 s,
and the maximum clad temperature is of the order of 650 °C.
and Figure 34 show the same quantities for case 30 (Nblock=19). In this case, the velocity field
reaches its statistical asymptotic distribution in ∼1.5 s, while the duration of the temperature transient
is of the order of 3-4 s.
Figure 33

shows the temperature contours for the case 30, time=9 s. The distribution reflects the
phenomenology described in the previous section for the large blockages, and the maximum clad
temperature is ∼800 °C, of the same order to the value obtained in the corresponding stationary case
11.

Figure 35

Figure 31 Streamwise velocity w against time in some monitoring points for case 29 (Nblock=7).

Figure 32 Temperature against time in some monitoring points for case 29 (Nblock=7).
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Figure 33 Streamwise velocity w against time in some monitoring points for case 30 (Nblock=19).

Figure 34 Temperature against time in some monitoring points for case 30 (Nblock=19).

shows the temperature contours in the mixing region of the FA and in the outlet section for
case 30 (Nblock=19). Time t=2.8 s represents the starting initial time for the blockage from an
unperturbed condition. The temperature scale was fixed according to the ‘asymptotic’ temperature
Figure 36

distributions at the end of the transient with a temperature difference across the outlet section of ∼100
°C. The first comment to this picture is that the mixing in the FA plenum region is not very effective
and the temperature distribution at the outlet section is not uniform in the case of a blockage. The
detectability of the blockage by temperature measurements at the outlet section is possible after 1 s
from the abrupt event; in the present ‘case 30’; after 2 s a maximum temperature difference in the
section of ∼50 °C can be evidenced.
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Figure 35 Clad temperature contours for case 30 (Nblock=19): time = 9 s.

Figure 36 Temperature contours in the mixing region of the FA and in the outlet section for case 30.
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3.2.5. Discussion on the relevant engineering parameters
From a safety point of view, the most important parameter to monitor and detect is the maximum clad
temperature. Table 9 shows the maximum clad temperatures in the recirculation region downstream the
blockage (Tmax,loc) and at the end of the active region (Tmax,end) for the cases simulated with central
blockage. Figure 37 shows the 2D graph of the same quantities versus the blockage area friction factor
β for all the simulated cases.
As it has already been stated, for small blockages (β<0.1) the absolute maximum clad temperature is
located at the end of the active region, with the square symbols higher than the circle symbols. For the
highest levels of blockage (β>0.2) the absolute maximum clad temperature is located in the
recirculation region downstream the blockage, with the circle symbols higher than the square symbols.
From Table 9 and Figure 37, it can be evidenced that maximum clad temperatures larger than 1000 °C
can be reached for blockage area fraction β>0.3 (37 subchannels). Moreover, as already stated in the
previous section, stationary and transient cases lead to similar results in terms of maximum clad
temperatures.
Regarding the detectability of the blockage, a simple method could adopt thermocouples in the plenum
region of the FA. Table 9 reports the maximum transversal temperature drop ∆Tout at the outlet section
of the modelled FA for each case. This quantity depends on the degree of blockage and on the mixing
phenomena in the plenum region of the FA. The mixing phenomena can be correctly predicted by
CFD and therefore the value of ∆Tout can be considered realistic. It is interesting to notice that small
blockages (cases 1, 2) are not easy to detect because the temperature drop does not differ very much
from the unblocked case. Large blockages (cases 11, 12 ,13) with β >0.15 in principle could be
detected because the temperature drop in the section reaches 100 °C or more.
It must be stressed that the maximum clad temperatures reported in this paper differs significantly
from the blockage computations reported in analysis carried out by system codes (Bandini et al.
(2013)). This is because the system codes analysis can only investigate the foot blockage and quantify
the subsequent mass flow rate decrease; this decrease implies an increase of the average bulk inletoutlet FA temperature drop and therefore an increase of the clad temperature at the end of the active
region. Therefore the system code analysis only consider the ‘global effect’ and average the effect
itself in all the subchannels. On the other hand, CFD analysis can quantify the ‘global effect’ in the
blocked subchannels and it can fully described a new physical effect, i.e. the stagnation point in the
wake recirculation region behind the blockage. It was shown that this latter phenomenon becomes
dominant for relatively high degrees of blockage (β>0.1) and therefore the analysis by system codes of
such kind of accident completely fails in these conditions.
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Table 9 Maximum temperatures for several cases at different degree of blockage.;Tmax, loc and Tmax,end refer to the clad
temperatures.
CASE Number

TYPE

BlockTYPE

Nblock

β

m [kg/s]

m/m0

Tmax,loc
[°C]

Tmax,end
[°C]

∆Tout
[°C]

0

STATIONARY

-

0

0.000

144.14

1.00

442

530

18

1

STATIONARY

CENTRAL

1

0.008

144.14

1.00

450

580

21

2

STATIONARY

CENTRAL

7

0.055

144.14

1.00

584

605

55

11

STATIONARY

CENTRAL

19

0.150

136.93

0.95

734

722

108

28

TRANSIENT

CENTRAL

1

0.008

144.14

1.00

450

584

25

29

TRANSIENT

CENTRAL

7

0.055

144.14

1.00

565

657

55

30

TRANSIENT

CENTRAL

19

0.150

136.93

0.95

800

722

90

12

STATIONARY

CENTRAL

37

0.291

129.72

0.9

1030

820

135

13

STATIONARY

CENTRAL

61

0.480

108.10

0.75

1550

1250

140

Figure 37 Maximum clad temperature versus the blockage area factor β from the CFD computations for central
blockage located at the beginning of the active region: Tmax,loc is the temperature maximum behind the blockage, while
Tmax,end is the maximum temperature at the end of the active region.
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4. Neutronic feedback assessment
4.1

Coupling methodology and models

Flow blockage analysis in nuclear reactors involves a coolant mass flow partial or total reduction
simulating debris accumulation and subsequent blockage. A drop in heat transfer coefficient is
induced, causing fuel and cladding temperature to rise. Present study aims at providing more details
with respect to previous evaluations – namely considering neutronic thermal feedback as far as central
channel heating up is concerned.
The present section is devoted to a preliminary quantification of the neutronic feedback effect on the
power and on the temperature field. The methodology is based on an evaluation of the feedback
coefficients via the ERANOS 2.1 code. These coefficients are then used to quantify the reactivity
insertion due to the thermal transient obtained by the CFD analysis in a stable reference point
represented by the operating point (Normal Condition).
Power evolution within a nuclear reactor is related to neutron flux change as the local power
generation term is proportional to flux through fission reaction macroscopic cross sections. Exact
time-dependent model in a general 3D domain would be expected to solve neutron transport equation
according to time - determining point-wise neutron population behaviour. Such a description is
coupled to a thermal-hydraulic analyses following cross section variation depending on temperature
variation. Nuclear data and cross sections are updated at every calculation step and transients are
represented.
Flow blockage accident was preliminarily simulated and turned out to be a quite local phenomenon for
which a detailed geometry is necessary to be modelled in order to obtain representative results.
According to the literature, a complete simulation at this stage would not be capable of considering all
blocked sub-channels since the whole neutronic system – namely the reactor core – would be
considered in a somewhat time-consuming approach. In addition, design verification is carried out in
parallel to design review and updating. Straightforward verification is then required to support safety
checks for system reliability. Therefore, a simple and easy-to-manage method is needed to iterate and
provide timely design feedback.
A one-way coupling is here presented between ERANOS neutronic code and ANSYS CFX fluid
dynamic tool. In considering neutron kinetics for reactor studies, it is commonly a matter of matching:
• Spatial description and point-wise flux behaviour evaluation according to local effects;
• Integral system analysis through lumped parameters approach;
System lumped parameters are related to the multiplication factor and time coefficients as well as
delayed neutron fraction and related decay constants. The latter approach is mainly followed since
mathematical model is simple and calculation tools may treat it in a quite straightforward manner.
In order to take advantage of reactivity effect due to both local parameters variation and integral
lumped analysis provided by point-wise kinetics, a two-step process is implemented and described
hereafter.
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Foremost, the ERANOS neutronic deterministic code is used and local system variations are applied to
representative and effective parameters:
•

Fuel temperature (Doppler effect) (assumed +350 °C in neutronic calculation);

•

Fuel density (assumed -5% in neutronic calculation);

•

Cladding density (structural materials) (assumed -5% in neutronic calculation);

•

Coolant density (assumed -5% in neutronic calculation);

Therefore, related reactivity insertions are computed. Reactivity insertions are considered with respect
to a standard system variation regarding operative conditions close to normal core configuration –
namely full operating at full power. Each system modification is associated to a reactivity coefficient,
normalized per unity variation. It is then related to temperature in terms of functional dependence.
Provided effects superposition, every transient involving thermal feedback is then described adding
contributions according to all previous reactivity effects – the latter being properly weighted through
temperature variation.
Basically, point kinetic neutronic model assumes integral approach to neutron transport Boltzmann
equations in phase space (Henry (1975)). Therefore separation of variables is accomplished, supposing
flux shape as a constant and amplitude as a time-dependent function. Point kinetic model is an
amplitude transport model regarding system as a whole. A coherent approach requires system lumped
parameters – different from local evaluations.
Global reactivity insertion is then evaluated for every system modification and related effects are
applied to all core transients. Present analysis yielded a quite satisfying compromise between design
phase dynamic evaluation and thermal-hydraulic feedback estimations aimed at flow blockage
enhanced study. Indeed flux shape is accordingly kept as constant, conversely local effects are
considered as far as direct calculations are performed.
The effect of the reactivity insertion on the power is then evaluated by the implementation of the 6groups point kinetic equations into the CFX code. This scheme opens the possibility of a future twoway coupling between codes and it is summarized in Figure 38.
Total power P(t) is represented as an amplitude A(t) and a normalization coefficient P0, representative
the reference power value. Equations are then solved for such an amplitude A(t) function as well as
neutron precursor normalized concentrations Ci(t).
Total reactivity inserted is modelled as multiple effects superposition, as follows in scheme depicted
here in the following.
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Figure 38 Schematic representation of the method used to quantify the neutronic feedback effect for the flow
blockage.

In Table 10, c [pcm/K] represents the global neutronic feedback coefficient due to the temperature
variation, ∆T(t) is the temperature variation during the transient, and A(t) is the normalized power.
Contribution c ∆T [pcm] represents the total reactivity insertion due to the blockage during the
transient. Λ, λi, βi are physical constants better defined in section 4.3, while Ci are the precursors
groups populations.
Going in some details, the ERANOS code provides the feedback coefficients ci with respect to
previously listed: Doppler effect in the fuel, fuel density, coolant density, steel density and coolant
void. The feedback coefficients and their meaning are summarized in Table 10.
Table 10 Feedback coefficients provided by the ERANOS code.
Doppler

Fuel Density

Coolant Density

Steel Density

Name

c1

c2

c3

c4

Phys. Unit

[pcm/K]

[pcm/%density]

[pcm/%density]

[pcm/%density]

In our case, the coolant void coefficient is not of interest because the boiling of the lead during a
blockage is virtually impossible due to the very high boiling temperature (Tboil∼1700 °C). The density
coefficients c2, c3, c4 are here expressed with respect to the percentage variation of the density, i.e. they
express numerically the reactivity insertion due to a positive variation of density of 1%.
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The reactivity insertion due to the transient is then evaluated by multiplying coefficients times the
relative variation of temperature or densities derived by the CFD simulation without feedback (in
section 3).
All the contributions are then cumulated together in a total reactivity insertion
∆ρtot [ pcm] = c1 ⋅ ∆T fuel + c2 ⋅ ∆ρˆ fuel + c3 ⋅ ∆ρˆ coolant + c4 ⋅ ∆ρˆ steel , where ρ̂ is the density [kg /m3].
This latter reactivity is now inserted as forcing term in the point kinetic equations solved by CFX
multiplied by the normalized temperature variation in the transient:
∆ρ (t ) = ∆ρtot ⋅

∆T (t )
∆Tmax

(1)

where total reactivity insertion ∆ρ tot is referred to ERANOS simulation and ∆Tmax is the coherent
temperature variation. According to previous, linear effects are superimposed for configurations close
to nominal.
The output of the point kinetic calculation will thus be the normalized power function A(t) during the
transient. Although this method is strictly one-way, it is conservative from an engineering point of
view and it allows to quantify power variation during a flow blockage transient. Moreover,
temperature profile is taken as an input and associated to feedback coefficients. Actually it comes from
analysis in which no neutronic feedback were considered. According to results, neutronic feedback
yield a global anti-reactivity insertion – namely a power reduction inside the core.
Previous analysis without neutronic effects turns out to be overestimated results about total power –
being conservative as far as design needs are concerned. According to this, one-way coupling in
accounting temperature profiles and time-dependent behaviour still provides an engineering and
conservative characterization. Safety estimation of such a kind of accident - involving flow blockage is thus achieved according to ongoing design phase and optimization.
Global current results highlight wide safety margins corresponding to this scenario, loosely impacting
total core behaviour and dynamics.

4.2

ALFRED FA ERANOS Model

ALFRED core model considered within the framework of the present study is implemented according
to design progress report (Petrovich (2013)). Main core parameters are as listed in table 11.
Table 11 Main core neutronic parameters for ERANOS code model implemented.

Core Power

300 MWth

Core configuration

Hexagonal FA pattern

Inner Core Region

57 FA – 21.7% Pu enriched

Outer Core Region

114 FA – 27.8% Pu enriched
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Fuel type

MOX fuel (U/Pu-O2)

Control Rod Positions

12 FA (B4C rods)

Safety Rod Positions

4 FA (B4C rods)

Cladding material

1515Ti alloy

Active height

60 cm

Active radius

53 cm (8 annular hex slots)

Coolant/reflector

Liquid lead

Fuel burnup considered

Fresh (BOL)

Fuel assembly concerned by neutronic analysis is the central one - coherent with the thermal-hydraulic
model. Material properties and operating conditions are resumed in table 12.

Table 12 Main core operating temperature parameters and material density.

Material

Density

Mean Temperature

Fuel (inner-outer)

10.49 g/cm3

900°C

Cladding (1515Ti)

7.95 g/cm3

460°C

Structural (T91)

7.73 g/cm3

460°C

Coolant (inlet)

11.01 g/cm3

400°C

Coolant (core midplane)

11.01 g/cm3

440°C

Coolant (outlet)

11.01 g/cm3

480°C

First, deterministic calculations were carried out starting from cell code ECCO which is a part of
ERANOS 2.1 package. Computational domain is divided in several cells, both treated in homogeneous
and in heterogeneous way. A cell is intended as a reactor region in which a particular neutron
spectrum is present – dedicated neutronic calculations are performed.
Regions relevant to simulation concerning central channel are modelled as reported in Fig. 39.
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Top reflector

Top plug
Springs
Top thermal insulator
Active region - fuel

Bottom thermal insulator
Plenum
Bottom plug
Bottom reflector

Figure 39 ERANOS model for neutronic calculation for cell code ECCO.

Cell description is either homogeneous or heterogeneous depending on impact of Doppler selfshielding and resonances in spectrum definition – regarding macroscopic cross-sections of the system.
Nuclear data are processed by means of cell code ECCO. Areas are considered in heterogeneous
fashion or in homogeneous one. Pin geometry – or particular frames - are implemented and FA lattice
structure is considered. Nuclear data cross section calculations are carried out according to JEFF 3.1
nuclear data. Domain is treated at homogeneous level at 72 energy groups, P1 approximation thorough
iterations approaching criticality – namely buckling imposed and self-shielding is evaluated. A second
iteration is performed with 172 energy groups and heterogeneous domain. In addition, collision
probability is used here accounting for an exact geometry. Energy structure is then extended to 1968
groups and all elements are treated for resonances. Energy structure is then condensed to 33 groups
and finally homogeneous P1 data are stored for next reactor simulations. Previous calculation path is
mainly retained for fuel region (inner and outer). Calculation cells description is provided in table 13.
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Table 13 Main features for cell code ECCO, domain decomposition.

Cell Name

Domain Geometry

Principal Material

Main Composition

Bottom thermal insulator

FA pin lattice

Inside pin geometry

̴ 100% Zr oxide

Top thermal insulator

FA pin lattice

Inside pin geometry

̴ 100% Zr oxide

Spring

FA pin lattice

Inside pin geometry

̴ 100% 1515Ti alloy

Plenum

FA pin lattice

Inside pin geometry

̴ 100% 1515Ti alloy

Top plug

FA pin lattice

Inside pin geometry

85% 1515Ti – 15% Pb

Bottom plug

FA pin lattice

Inside pin geometry

90% 1515Ti – 10% Pb

Top reflector

Homogeneous

--

20% 1515Ti – 80% Pb

Bottom reflector

Homogeneous

--

12% 1515Ti – 88%

The Reactor core domain is then prepared. Hexagonal standard geometry is described through several
annulus – size is coherent with CFD description reported. ERANOS standard nodal solver VARIANT
is replaced with AVNM solver - which is similar to standards DSA methods for diffusion acceleration
techniques of transport theory. Direct calculations are performed and core normal configuration is
simulated – control rod positions are confirmed from technical design report as to approaching
criticality (unity multiplication factor).
Simple variations are considered, regarding most impacting thermal-hydraulic perturbations occurring
during the flow blockage transient – reported in table 14.
Table 14 Relevant parameter variations to be matched simulating flow blockage TH effects on neutronics.

Perturbation

Intensity Considered

Fuel Doppler broadening

∆T = + 350°C (Ref. 950°C)

Fuel density

∆ρ = -5%

Structural density

∆ρ = -5%

Coolant density

∆ρ = -5%

As previously explained, current method is based on local domain split. Actually, contribution are
found by applying each perturbation to 12 axial slots of central channel. Results are obtained
evaluating reactivity insertion related to every parameters change in all different slices accounting for
local effect referred to total system integral parameter. The Active height (60 cm) is divided in 12 slots
5 cm height. This domain split was consistent to the calculation mesh decomposition and the method
employed.
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Figure 40 Active region central channel split for local axial profile for reactivity insertion.

Table 15 Axial reactivity coefficients profiles (central channel).

Doppler
(+350°C)
[pcm]

Fuel
Density

Coolant
Density

Steel
Density

(-5%)
[pcm]

(-5%)
[pcm]

(-5%)
[pcm]

Doppler
(+350°C)
[pcm]

Fuel
Density

Coolant
Density

Steel
Density

(-5%)
[pcm]

(-5%)
[pcm]

(-5%)
[pcm]

Slot 1

-0.7

-8

-1.5

0.0

Slot 7

-0.4

-10

1.4

0.9

Slot 2

-0.6

-9

-0.1

0.4

Slot 8

-0.3

-9

1.0

0.8

Slot 3

-0.5

-10

1.0

0.7

Slot 9

-0.3

-7

0.5

0.6

Slot 4

-0.5

-11

1.8

1.0

Slot 10

-0.1

-6

-0.1

0.4

Slot 5

-0.5

-11

2.1

1.1

Slot 11

-0.1

-5

-0.9

0.1

Slot 6

-0.4

-11

1.9

1.1

Slot 12

-0.1

-4

-1.5

-0.1

Axial profiles for reactivity coefficient are then found and are reported in Table 15. Total amount is
possibly computed for every single effect (fuel density, coolant density…) adding all axial
contributions. Point kinetics is then implemented considering global superposition effects.

4.3

Power evaluation

To compute the neutronic feedback on the FA power in the case of blockage, the 6 groups point
kinetic equations (Henry (1975)) were implemented in the ANSYS CFX 15:
6
dA(t ) ∆ρ (t ) − β eff
=
⋅ A(t ) + ∑ λi Ci
dt
Λ
i =1

(2)

dCi (t )
β
= −λi Ci + i ⋅ A(t )
dt
Λ

(3)

where A(t) is the dimensionless normalized power, ∆ρ(t) is the reactivity inserted (forcing term), Ci is
the ith populations of precursors, λi is the decay constant of the ith precursor group, βi is the fraction of
all fission neutrons emitted that appear from the ith precursor group, β eff = ∑ β i is the total fraction
of fission neutrons which are delayed, Λ is the prompt neutron lifetime. This nuclear parameters
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depend on the fuel composition and on the energy or shape of the neutron spectrum, and therefore
different numbers must be fixed for thermal and fast reactors and for the different fuels. In the case of
the ALFRED fast reactor, the values of the parameters are summarized in Table 16 (NEA/WPEC-6
(2001)).
Table 16 Nuclear parameters relative to the point kinetic equations in the ALFRED reactor.

Λ [s]

7.19·10-7

β1 [pcm]

11.6

β2 [pcm]

101

β3 [pcm]

71.5

β4 [pcm]

110

β5 [pcm]

28.8

β6 [pcm]

15

βeff [pcm]

338

λ1 [1/s]

0.01247

λ2 [1/s]

0.0305

λ3 [1/s]

0.1114

λ4 [1/s]

0.3014

λ5 [1/s]

1.1363

λ6 [1/s]

3.0137

Additional variables and equations were defined within CFX to represent the point kinetic equations
system (Eqs. 2 and 3). The system of equations was integrated in time by using the CFX solvers.
To test the method, a simplified version of the point reactor kinetic equations with 1 group was
implemented for which analytical solution yields:
dA(t ) ∆ρ (t ) − β eff
=
⋅ A(t ) + λ C
dt
Λ

(4)

βeff
dC (t )
= −λ C +
⋅ A(t )
dt
Λ

(5)

Two test cases, namely C01 and C02, were solved for negative and positive reactivity insertion with
the parameters in Table 17, representative of a typical thermal reactor.
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Table 17 Parameters for 1-group point kinetic test cases C01 and C02.

C01

C02

Λ [s]

10-3

10-3

βeff [pcm]

750

750

λ [1/s]

0.08

0.08

∆ρ [pcm]

250

-250

Results in terms of A(t) are presented in Figure 41. The numerical results are very close to the
analytical solutions both for positive and negative reactivity insertion.

Figure 41 Comparison between CFX and analytical solutions for C01 and C02.

After this validation, the full system of 6 equations were integrated for the ALFRED reactor in case of
blockage. The reference case chosen for the evaluation is case 30 in Table 7, i.e. a central blockage
with 15% of the flow area blocked. The reactivity insertion can be deduced by the ERANOS
coefficients according to a conservative fuel density variation of about 1%. Actually, coefficients c1, c2
and c4 are too small to give a significant reactivity insertion during the transient. The only relevant
contribution is due to the density variation of the fuel. This result is important and provides useful
information on the neutronic feedback behaviour in case of different transients. If conservatively, 1%
of variation in fuel density is assumed, about -20 pcm are introduced in the FA due to the flow
blockage transient. The integration of the point kinetics with this forcing term, leads to the normalized
power behaviour shown in Figure 42. In 10 s of transient, a variation of power around 10% can be
assessed conservatively. According to these numbers, it is clear that the neutronic feedback in the case
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of blockage can be considered as slightly impacting the design as far as safety calculations are
concerned.

Figure 42 Solutions of 6-groups point kinetics with CFX for case 30 (15% blockage).

5. Conclusions
A CFD analysis by fully resolved RANS simulations was carried on fluid flow and heat transfer in the
case of flow blockage in heavy liquid metal cooled fuel assemblies. The hexagonal closed ALFRED
FA were considered for the study. The model includes the different FA regions (entry, active,
follower, plenum), the conjugate heat transfer in the clad and the wrap, the bypass and power released
by gamma. All the pins of the FA were modelled and no special symmetry planes were considered.
The reactivity feedback due to the temperature variation in the domain has not been considered. A
constant power distribution was considered, neglecting the axial power profile, considered a second
order effect at this stage. The study was carried with slightly overloaded conditions (wall heat flux
qwall=1 MW/m2, against qwall=0.69 MW/m2 for an average pin and qwall=0.93 MW/m2 for a peak power
pin) to be conservative from an engineering point of view.
Two main effects can be distinguished in a flow blockage: a local effect in the wake/recirculation
region downstream the blockage and a global effect due to the lower mass flow rate in the blocked
subchannels; the former (local) effect gives rise to a temperature peak behind the blockage and it is
dominant for large blockages (β>0.2), while the latter (global) effect determines a temperature peak at
the end of the active region and it is dominant for small blockages (β<0.1).
The blockage area was placed at the beginning of the active region, so that both over-mentioned
phenomena can fully take place. The mass flow rate at the different degree of blockage was imposed
from preliminary system code simulations.
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Results indicate that a blockage of ~15% (in terms of area) leads to a maximum clad temperature
around 800 °C, and this condition is reached in a characteristic time of 3-4 s without overshoot. The
accident can be detected in the outlet section of the FA after 1 s. Local clad temperatures around 1000
°C can be reached for blockages of 30% or more.
A first evaluation of the neutronic feedback is given. The quantification is performed by a one-way
coupling of the neutronic deterministic code ERANOS and the CFD code CFX.
Feedback coefficients are computed according to a central channel axial split and local effects are used
through a lumped analysis, i.e. point kinetic model. The reactivity insertion is then obtained by
superposition of significant parameters. Calculations indicate that relevant contribution to the overall
reactivity comes from the fuel density variation, the latter being about -20 pcm. In the procedure, the
temperature profile for reactivity insertion was assumed not influenced by the neutronic feedback.
This hypothesis is conservative from an engineering point of view.
Present analysis indicates that the influence of the neutronic feedback on the power is around 10% and
therefore a preliminary safety evaluation provides results which support current fuel assembly design.
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6. Nomenclature
A
c
cp
d
Deq
h
k
L
Nu
p
∆p
Pe
Pr
q
Q
Re
Rbl
T
w
w0
z

Section area [m2]
Empirical constant
Specific heat at constant pressure [J/kgK]
Rod diameter [mm]
Equivalent diameter [mm]
Heat transfer coefficient [MW/m2K]
Thermal conductivity [W/mK]
Active length [m]
Nusselt number
Pitch [mm]
Pressure drop [Pa]
Peclet number
Prandtl number
Heat flux [MW/m2]
Total thermal power [MW]
Reynolds number
Blockage radius [mm]
Temperature [K]
Axial velocity [m/s]
Reference axial velocity [m/s]
Axial distance [mm]

Subscripts
()clad
()eff
()inlet
()IO
()outlet
()t
()wall

Clad
Effective
Inlet
Inlet-outlet
Outlet
Turbulent
Wall

Greek Symbols
α
Thermal expansion coefficient [1/K]
β
Flow blockage area fraction
µ
Dynamic viscosity [Pa·s]
µt
Eddy viscosity [Pa·s]
ν
Kinematic viscosity [m2/s]
ρ
Θ
Γ

Density [kg/m3]
Non-dimensional temperature
Thermal diffusivity [m2/s]
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