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Motivation

The Molten Salt Fast Reactor (MSFR), is a generation IV nuclear reactor which provides the particular feature of having
a liquid fuel (77.5%LiF +18.7%ThF4+3.8%UF4). Although a liquid fuel generates several design novel possibilities,
it also generates a strong coupling between the neutronics fission reactions (which produce the thermal power) and the
thermal hydraulics field in the reactor [1]. From this strong coupling derives a necessity of a detailed and precise modeling
of the hydro-dynamical field in the reactor, which will allow to accurately predict the thermal and the neutronics fields in it.

The Boundary Layer Detachment (BLD) phenomena appears in several places in the MSFR (Figure 1) and different
RANS and LES turbulence models predict different results for the velocity fields after the phenomenon occurs [2] and
[3]. This distinct velocity fields, in turn, produce diverse temperature and neutron fields, arising in uncertainties in the
materials thermal loads [4] and the reactivity of the reactor, respectively. Therefore, ad hoc turbulence models need to be
developped for dealing with the problematic.

When the liquid fuel is re-injected into the reactor, after being cooled in the heat-exchangers, a BLD phenomenon
occurs. It is caused by the adverse pressure gradient in the wall curvature [5]. The phenomenon is characterized by
a large amplification zone in the reactor. An experimental facility was built on water to recreate the problematic and the
velocity field was measured by Particle Image Velocity (PIV) techniques [6]. Using the simpleFoam solver for simulating
the experiment designed, all RANS models in OpenFOAM presented non-acceptable results in comparison with the
measurements. Accurate results were found by a Smagorinsky-Lilly sub-mesh LES model with cubic root filtering; but,
however, the mesh resolution needed make this type of simulation is prohibitly expensive for the reactor scale.

Figure 1: Design of the MSFR, showing the points of Boundary Layer Detachment

Results

A third order cubic closure was added to the conventional second order incompressible cubic turbulence for accurately
modelling the velocity fields after a BLD phenomenon. The model obtained is a Navier-Stokes-α type arising after adding
the vorticity and helicity equations to the normal second order closures. Adding extra anisotropy allow the model to be
conservative respect to ∇ × ~u′ and ~u • (∇ × ~u′). Therefore, its ability to predict both the characteristic flows (inertial
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dominated and turbulent dominated) after a BLD [7].

The developed Non-Linear Constrained Vorticity Conservation (NLCVC) RANS model reads as:
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Where ~Hij = [Sij Ωij ], Sij is the mean share rate, Ωij is the mean rotational and ~H ~H accounts for the dyadic expansion
of vector H. The model consists in the Boussinesq turbulent approximation (red), second order RANS closure terms (blue)
and third order terms for conserving the vorticity (green).

The 13 coefficients appearing were calibrated with Gene Expression Programming, by a versatile evolutionary algorithm.
Implementations of the algorithm allow for non-linear regression of scalar and tensor fields and the clustering of data sets
[8]. The new classes where implemented in OpenFOAM on the version OpenFOAM-Extended 3.2.

For some of the terms in the cubic closure, a scalar field regression was used to determine the length scales, which in
turn allows to determine the coefficients of this terms. The coefficients for the other non-linear terms were determined
by tensor field regression. The training data was obtained by the PIV measurements. The model was then applied for
validation on a pipe, a square channel and a periodic hill case, obtaining in each case accurate results.

Perspectives

The new model will be applied to the neutronics-thermal-hydraulics coupled buoyantPimpleDiffusionFoam, for
predicting the temperature fields and reactivity of the MSFR. In addition, new sort of closures will be tested and its
optimal closure coefficients will be obtained by linear and tensor regression using as training data the measured velocity
fields.
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