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ABSTRACT

This work presents a time dependent version of the fission matrix method named Transient Fission
Matrix (TFM) developed to perform kinetics calculations. Coupled neutronics and thermal-hydraulics
transient calculations are studied using the TFM approach and a Computational Fluid Dynamics (CFD)
code. The generation of the matrices is performed using the Monte Carlo neutronic code SERPENT
beforehand the transient calculation. The neutronic module and the coupling are directly implemented in
the CFD opensource code OpenFOAM. An application case is presented on the Molten Salt Fast Reactor
(MSFR). This system is a circulating liquid fuel reactor characterized by a two meter core cavity and
a fast spectrum. Thus the present approach is well suited since an accurate distribution of the velocity
of the liquid fuel circulating in the cavity and of the delayed neutron precursor transport is required. A
reactivity insertion incident of around 2.5$ is presented, showing the good behavior of the MSFR in such
a case. A load-following from 50% to the nominal power generation is also discussed.

Key Words: Transient, Fission Matrix, Coupling, Neutronics, Thermal-Hydaulics

1 INTRODUCTION

This paper presents a new approach designed to perform coupled transient calculations close
to the Monte Carlo approach for the neutronics while sustaining a low computational cost. This
method is based on a time dependent version of the fission matrix approach to solve the neutron
kinetics response of the reactor. One of the advantages of this approach is that the fission matrices
can be computed using the Monte Carlo neutronic code prior to the transient calculations to provide
the neutronic reactor behavior during the transient. An accurate estimation of the neutronics kinetics
response through time is obtained with a conversion of the Monte Carlo transport by matrix products.
The transient reactor calculations are performed by coupling the neutronics model to a core thermal-
hydraulic model developed in the Computational Fluid Dynamics (CFD) code OpenFOAM. The
use of a CFD code allows us to calculate the 3D velocity and temperature distributions. The latter
has a significant impact on the neutronic behavior through the induced variations in the neutron
cross-sections. The neutronics model is inspired of the fission matrix approach, with the adjunction
of a temporal aspect as detailed in section 2. The thermal-hydraulics modeling, together with the
coupling strategy and the numerical implementation of this approach are also presented in section 2.
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An application case of transient calculations on the Molten Salt Fast Reactor (MSFR) is
discussed in section 3. This reactor design has been selected by the Generation IV International
Forum because of its promising design and safety features. The present approach is well suited
for such a reactor since the core is composed of a circulating liquid fuel, implying a motion of the
delayed neutron precursors [1]. Two cases are presented: an incident transient (reactivity insertion)
and a load following transient.

2 METHODOLOGY
2.1 Neutronics modeling

In this section the fission matrix utilization in current calculation codes is discussed, together
with the improvements required to set up the proposed kinetics model.

2.1.1 Fission Matrix Introduction

The Fission matrix method is usually employed to accelerate the source convergence in
neutronics Monte Carlo codes ( [2] [3]). Indeed, the eigenvector of these matrices gives an
estimation of the equilibrium neutron source shape (i.e. the propagation of any source distribution
after an infinity of generations). Fission matrices can also be used to estimate the different modes
of the neutron source shape (corresponding to the different eigenvectors) and the associated time
constants (the eigenvalues) [4].

The fission matrix method is an application of a Green function approach. This Green function
aims at characterizing the reactor response during one generation of neutrons due to a pulse of
neutron injection. For each discrete position of space j, fission neutrons are created and their
histories are tracked during one generation. The number of fission neutrons induced by these
neutrons histories is scored for each position 7. This quantity can be directly estimated using a
neutronics Monte Carlo calculation and is the general term of line 7 and column 7 in the fission
matrix. In this way, for a given neutron distribution in the core represented as a vector with the
quantity of neutrons in the cell j, the Monte Carlo propagation of this distribution during one
generation of neutrons is pre-calculated in the fission matrix and is given by a simple matrix-vector
product.

The objective of the approach presented here is to realize transient calculations, adding a
temporal aspect to the fission matrix approach.

2.1.2 The Transient Fission Matrix (TFM) Approach

We call éxp,,p (r’,7) the continuous operator associated to the fission matrix representing the
probability that a prompt neutron created in 7’ (i.e. column j) induces a new prompt neutron in
r (i.e. line 7), v’ and r being defined in the reactor space R. This operator represents a neutron
production density per source neutron injected and is expressed in 1,.0q/m* /N4, the produced
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neutrons 7,,,q being the neutron source ng,. of the next generation. The terms x,, and v, refer
to the prompt neutron emission spectrum and to the prompt neutron production per fission. The
delayed neutron influence will be discussed afterwards. For a given distribution of prompt neutrons
N, (r) at generation g expressed in ng,../m?, the image (Equation 1) of this source by the operator
éxpyp is the associated source of the next generation g + 1: N, (7). This product corresponds to a

matrix-vector product with the discretized version of éxp,,p and V.

Nyear) =[G ()| N1 = [ G 07, Ny a0 0

r’eR

It is also possible to create a time dependent version of this operator associating the probability
between a creation in 7’ at time ¢’ and the production of a new neutron in 7 at ¢. This quantity only
depends on the time elapsed between the source neutron creation and the fission neutron production
resulting of the transport of the original input neutron. This operator is written G, (t', ¢, 7', 1),
expressed in ny,.0q/m>/s/ng.. . For a given source distribution of prompt neutrons S, (¢,7) in
Nsre/m? /s, the convolution product image (Equation 2) of this source by the operator Gy, is the
associated source at the next generation: Sy (r,t). If the operator G, has a time discretization,
it can be represented as a series of fission matrices, one for each time step. Then this convolution
corresponds to a series of matrix-vector product.

Sgr1(r,t) = |Gy, (' 8,77 1)

Sg(r’,t’)> =//t t RGXpr(t',t,'r','r)-Sg('r',t’) dr’ dt’ (2)
r<tr’e

2.1.3 Fission to fission time /. s calculation

In the next sub section, two versions of the kinetics equation for a neutron population in a
reactor with different computational costs are described. The simplified one requires an upstream
estimation of the effective fission to fission time, with corresponds to the effective prompt life time
les¢ as discussed below. This subsection is devoted to the calculation of this quantity.

As shown in equation 3, it is possible to create an operator representing the first time moment
of the neutron production through time: 7, ,,. It can be constructed using the operator G, if the
accuracy of its time discretization is correct. Another solution is to estimate it directly in the Monte
Carlo calculation code as a matrix (spacial discretization) by integrating, during the neutron history,
a score (¢ - l/pajf_j ¢) where t” =t — t’ is the elapsed time between the neutron creation and the
interaction.

/ GXpr (t”, ’I‘/, ’l‘) -t// dt//
t"">0

T. ) =
/ Gy, (", 7", 7) dt”
#1>0

XpVp (’I",, r

3)

Then, the product 7' ,, (v, 7).Gy,., (7', 7), which is a term to term multiplication for the elements
of the associated matrices, is the neutron production associated to the average time of the response
from 7’ to . Finally, with NV, the eigenvector of G, which corresponds to the equilibrium prompt
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neutron source in the reactor, the average fission to fission time [ can be calculated using equation 4.
The prompt life time is different from [ since the non-fission reactions are not taken into account.

// [Txpl,p (r’, r).éxp,,p (', )| Ny(r')dr’'dr
[ — r’eR,recR

// éxp,,p(r', r)N,(r") dr’ dr
r’eER,reER

The fission to fission time thereby calculated does not take into account importance effects. The
importance of the position 7 in the core is the amount of neutrons coming from this position. The
fission matrix associated to the operator (7, ,,, represents the probability that a neutron created
in j (i.e. ') induces a new fission neutron in 7 (i.e. 7). Thus the transpose matrix represents the
probability that a neutron created in j comes from a previous history stated in 7, and its eigenvector
N is by definition the importance of the source distribution. If we call N;(r) the importance
function associated to this vector, the effective fission to fission time [.s¢ can be calculated using
equation 5. It corresponds to the effective prompt life time since non-fission reactions have a
zero-importance

4

// N, (r) [Txpyp(r’,r).éxpl,p(r',r) N, (r")dr’ dr
r’'eR,reR

lepr =
// N, (1)G (v, )N,y (r") dr’ dr
r'eR,reR

®)

2.1.4 Equation of the prompt neutron kinetics

As previously mentioned (Equation 2), the convolution of G, (', ¢, 7/, ) by a prompt source
distribution S, (7,t) gives the source distribution of the next generation Sy(r,¢). Then if we
consider S(r,t), the total prompt neutron source, due to non-variation of the operator G, for
the different generations and the linearity of equation 2, the equation of the prompt neutron source
can be written as the convolution on all the past neutron sources with G, ., (Equation 6). We can
perform a kinetics evolution limited to the prompt neutrons thanks to this equation. The numerical
integration of this quantity over one time step requires a series of matrix-vector multiplication (one
by time discretization of G ,,,).

Considering perturbations with a time constant much longer than [., it is possible to simplify
this equation by considering the neutron source as a neutron population N (r,t) creating fissions
with a time constant of [.;;. Thus, during d¢, N(r, t)lthf prompt neutrons disappear, creating
’CNJXM (r',r) ‘N (r, t)lthf> new prompt neutrons (Equation 7). The advantage of this formulation is
to require a much lower computational cost.

S(r,t) = ‘pryp(t’,t,r’,r)‘S(’r',t’)> (6)

dN(r,t)

Y :(é Vp(r',r)‘N(r,t)L>—N(r,t)i (7

. leyy leyy
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2.1.5 Equation of the neutron kinetics

To characterize the evolution of the prompt neutrons and of the delayed neutrons in the reactor,
separate operators have to be defined and computed. A neutron can produce prompt and delayed
neutrons by fission, thus the amount of prompt neutrons produced by fission v, and the amount
of delayed neutrons produced by fission r; must be used. On the other hand, these two quantities
must be estimated twice: with an incident prompt emission spectrum Y, if the initial neutron is a
prompt one, and otherwise with an initial delayed emission spectrum 4. Thus, four operators are
required: G ., Gy,v,» Gy, and G ... Note that the number of operators is limited to four by
approximating the delayed emission spectrum of the different families by the averaged one.

All the quantities required to realize a kinetics model can be calculated as follows (Equation 8),
where P;(r, t) is the precursor population of the family i, J\; its associated decay constant, and %

its normalized delayed fraction (Ei% =1).

%(t, r) = % (Gt =", )| S, 7)) + |Gt = .77, 7)] > AZ-PZ-(t’,r’)>] ~ AP,
S(t,r) = ‘pryp(t — ', 'r)‘S(t’, r')> + ’Gxd,,p(t — ', 'r')’ Z )\i-Pi(t/>r,>>

®)

Those equations can also be simplified by considering the prompt neutron population N (r,t). The

simplified equations of the kinetics are balanced equations (Equation 9). During d¢, N (¢, r)le%

prompt neutrons disappear, creating ‘CNJXM)(T’ ) fr)‘N (t,r’ )lthf> new prompt neutrons and also
’éx,,y (', 7) ‘N (t,r") lthf> new precursors. In the same time, ) . \; P;(¢, r) dt precursors disappear,

generating ‘éxd,,p(r’, r)‘ Yo Nbi(t ) dt> new prompt neutrons and ‘éxd,,d(r’, r)‘ YNl ) dt>
New precursors.

T = 5 Bt N G [ )\iPZ-(t,r’)>] AP
Cil_]j(t,r) = )éxpup('r’, T)‘N(t,r’)l;) + ‘éxdyp(r’,r)‘ 21: N P(t, r’)> - l;f]\/(t, r)

(€))

Once the operators G, and T}, computed, a kinetics evolution calculation can be performed.
Before that, another aspect has to be taken into account to carry out transient calculations with a
fuel temperature evolution.
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2.1.6 Fission Matrix interpolation

During transient calculations, the neutron behavior in the core will change due to reactivity
feedback effects. Because of the huge difference between the fission to fission time and the
characteristic time of the feedback effects (linked to the thermal-hydraulics), we can consider the
operator G constant during one generation of neutrons. However the drift of G along neutron
generations must be taken into account.

Calculating all the TFM operators during the transient would be very time consuming since
it would require new Monte Carlo calculations. Another solution is to calculate the evolution of
this operator with the density (thermal expansion) and the Doppler effects. A linear evolution for
the density and a logarithmic evolution for the Doppler by analogy with the group constants in
multi-group diffusion codes is considered.

If we consider the reference operator G, calculated at the temperature 7,..¢, G* calculated
by modifying the density to reproduce the thermal expansion of the temperature 7,..; + AT’, and
GPerrler calculated by changing the cross sections to correspond to the temperature T, ; + AT it
is possible to create the following operators that will be used for the interpolation:

0( ! _ ’ Doppler ( ,./ _ /
GP(r', 1) — Gregp(r’, 1) and Apy yor G(r', 1) — G (r', 1) — Grep(r',7)

AT 10 Tref +AT
g T’V‘Ef

AG(r',r) =

(10)
The model proposed (Equation 11) can be used to interpolate the value of G(7’,r) for a given
temperature distribution 7'(r). This model only takes into account the neutron’s cell position
temperature.

T(r")

G(’I‘/, ’I‘) _ Gref(’f'/, T‘) + (T(T/) — Tref(r’))ApG(r’7’l") + log Tref('r'/)

ADopplerG(T,u T) (1 1)

2.2 Thermal Hydraulics modeling
2.2.1 Introduction

Different strategies can be employed to solve the Navier-Stokes equations modeling the hy-
draulics phenomena. The first one named Direct Numerical Simulation (DNS) consists in solving
them directly, including all the dimensions of vortexes in a turbulent flow. This approach is not
applicable for an industrial application with a complex system like a nuclear reactor. The second
one named Large Eddy Simulation (LES) consists in cutting the lower level of vortexes using
mathematical models. This approach can be employed on complex geometries but requires a huge
computational cost. The third one is the Reynolds-Averaged Navier-Stokes (RANS) approach,
consisting in the resolution of the time-average value of the different parameters, modeling the
fluctuations with different models. The high frequencies are cut off in the RANS approach. A good
estimation of the hydraulics pattern is obtained with a reasonable cost, even if, for a fuel assembly
with a lot of solid-liquid interfaces and boundary layers, the cost remains very high. Those three
approaches are grouped as the Computational Fluid Dynamics (CFD).
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Other approaches exist. For a reactor with pin fuel, a thermal-hydraulics calculation with a low
cost is carried out using a sub-channel model which describes the core as an arrangement of fuel
channels. This approach is common for PWR reactors.

The coupling with the neutronics can be performed with different thermal-hydraulics models.
The application case developed in the last section is the MSFR, characterized by a large cavity.
Thus a good description of the flow pattern with potential recirculation is required. For this reason,
the RANS approach has been employed in this study.

2.2.2 RANS model

The fluid is considered as incompressible p = p,, the mass equation can be simplified as:
V.(w)=0 (12)
Where w is the average of the velocity vector w and V. () the divergence operator.

The momentum equation is:

? L V. (@eu) = —%v (m %k) V. (yeff (% (Y (@) +Y @) - gv. (@) I:d))
+g (1 + 5b0yancy (T - TO))
(13)

Where p is the average pressure. The kinetic turbulent energy k and the turbulent viscosity v, sy are
both calculated by the turbulence model. In this study, the k-epsilon realizable turbulence model
is used. The last term corresponds to the Boussinesq approximation, representing the buoyancy
force modeled as an external force: g (1 + Broyancy (T — TO) ) , where Byoyancy 1s the fluid thermal

expansion coefficient, T the average temperature and g the gravity acceleration.

Finally, the energy balance equation is:

oT _ _

a —f- V (Tﬂ) - IieffA (T) ‘I_ Sexternal (14)
Where k. is the effective diffusivity coefficient, which accounts for the turbulent diffusivity. We
can notice that the external source term S, ;enq cOrresponds to the power released by the fissions

and calculated by the neutronics module.

2.3 Numerical implementation

The two main codes employed in this study are SERPENT for the neutronics, and Open-
FOAM for the Thermal-Hydraulics. SERPENT is a Monte Carlo neutronic calculation code [5].
OpenFOAM is an open source CFD calculation code [6]. In both cases, modifications have been
performed directly in the source code to implement the TFM approach.
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2.3.1 Neutronics module

The neutronics module is decomposed in two parts, the calculation of discretized operators
G.v.» and the numerical integration of the kinetics equations.

The SERPENT code is employed to compute the transient fission matrices prior to the transient
calculation. SERPENT can performe a simulation using a tetrahedral mesh exported from Open-
FOAM. For each fission neutron source created in the core during a critical calculation, this neutron
has an attribute corresponding to the cell number of its birth, and another attribute indicating if this
neutron is a delayed neutron. Then, at each interaction of the neutron transport the probability to
create a fission neutron prompt and delayed is scored. The production of fission neutron multiplied
by the life time of the neutron is also scored. Finally, the spatially discretized operators G,
Gypvas Gyavys Gyavy and T, are estimated using one calculation. The variation of the operator
with the density and the Doppler are performed using two other distinct calculations.

Once the matrices generated, the integration of equation 9 has directly been implemented in the
Thermal-Hydraulics code since no more Monte Carlo calculations are required. The temperature
field calculated by the thermal-hydraulics is used to interpolate the matrices during the transient.

2.3.2 Thermal-Hydraulics module and coupling approach

The thermal-hydraulics solution is obtained using the CFD calculation code OpenFOAM.

A more refined mesh is required to perform the CFD calculation compared to the TFM’s one.
The mapping of the different fields between the meshes is realized by OpenFOAM using internal
libraries based on standard finite volume mapping technics.

As mentioned in section 2.2.2, the power density field in the reactor is a source term in the
energy equation. In this study, it is considered as proportional to the neutrons produced by fission to
avoid the production of matrices corresponding to the energy deposition from cell j to cell 7. All
the fission energy is considered as locally released at the fission position.

The case study is a circulating liquid fuel reactor, thus the precursors motion has to be taken
into account. Their transport is performed by OpenFOAM, using the source term calculated by the
neutronics.

The algorithm employed in the OpenFOAM solver to obtain the implicit convergence of all the
coupled parameters consists in iterative calculations of all the physics during one time step. Those
iterations are named "outer" iterations. Then, during transient calculations, the solution obtained
respects all the solved equations.

The same approach is used for the coupling, including the neutronics module in those outer
iterations since the neutron module is directly implemented in OpenFOAM. However, the time steps

used for the neutronics are much smaller than the thermal-hydraulics ones. During one thermal-
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hydraulics time step, many neutronics time steps are performed (Fig. 1). Thus the temperature
field calculated by the thermal-hydraulics is interpolated during the neutronics calculation, and
the energy source term or the precursor source term is deduced for the average production of the
neutronics steps.

Outer iteration

Gy, (T;) and P interpolation

N; Neutronics time step Nit1

time
U; T&H time step Uit
T; i+1
P Pit1

Figure 1. Numerical coupling schema

3 TRANSIENT STUDIES
3.1 Case Presentation

The Molten Salt Fast Reactor (MSFR [7]) is a 3 GWth liquid fuel reactor. It is composed of
three successive circuits: the fuel circuit, the intermediate circuit cooling the fuel salt in the heat
exchangers and the power conversion system.

Liquid-gas

_ separation and §
| sampling system
|

Pumps

Heat exchangers
Blanket salt
Fuel salt

Figure 2. MSFR geometry (left), and CFD (middle) & neutronics (right) mesh on 1/16 of the
core

The first circuit (see Fig.2 left) is a molten fluoride salt composed of 77.5mol% Li F - 22.5mol%
ThF, with some percents of fissile matter (*33U in this case) replacing thorium to reach criticality.
A circulation of the fuel salt is required since the molten salt is both the fuel and the coolant. The
heat extraction part of the first circuit is composed of 16 loops including a pump, a heat-exchanger,
a gas injection and bubble extraction system. The circulation period is around 3 — 4 s (3 s in this
study). A radial fertile blanket improves the breeding capabilities of the system. This study is
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focused on the fuel salt system. To limit the computational cost and the system complexity, the
blanket salt is not modeled in this simulation and symmetric conditions are used to reduce the core
simulation to 1/16 of the core (see Fig.2). The fluid is cooled in heat exchangers, modeled as a
porous media with a heat transfert coefficient associated to a fixed temperature of the intermediate
circuit. The walls are considered as adiabatic with a no-slip condition. A steady state calculation is
performed prior to the transient calculation to get an initial converged solution.

Two meshes are used in this simulation, a tetrahedral mesh for the calculation of the neutronics
module, and a mostly hexahedral mesh for the thermal-hydraulics (see Fig.2, middle and right). A
specific optimisation of the mesh is required for the thermal-hydraulics to capture the flow pattern
in the inlet of the core with the detachment of the boundary layer [8].

3.2 Reactivity insertion

The transient presented here consists of an instantaneous insertion of reactivity of 300 pcm
in the reactor. Due to the lake of control rod in the reactor, the introduction of a huge amount of
reactivity with a time constant lower than the circulation time is unlikely, thus the reactivity is
artificially injected instantaneously. To perform such a reactivity insertion, the neutron production is
multiplied by 1 + (300 pcm) to correspond to an artificial increase of X ; on the whole geometry.
This case highlights the good reactor behavior even if the perturbation’s origin is not physical.

1e3

K
P
S

150

2
w

100
50

-50
100

-150

(]
(=]

1e2

[y~
w

o

k, — 1 Ipom]
3

Power [GW]

—

[v+]

—
—_
w

—_
o

Average temperature increase [K]

(=T

-200 1e0
le-4 1e-2 1e0 1e2 le-4 1e-2 1e0 1e2 1e-4 1e-2 1e0 1e2

Time [s] Time [s] Time [s]

Figure 3. Reactivity insertion: %k, — 1 (left), total power (middle) and core average tempera-
ture (right)

As presented in Fig.3 after the reactivity insertion at le — 4 s, the increase of the reactivity
results in a high increase of the power in the reactor. After 4e — 3 s, a feedback effect induced by
the temperature increase stops the prompt excursion of power. Due to the elevation of the mean
temperature at the end of the transient to compensate the reactivity insertion, the heat extraction in
the heat exchanger is enhanced and the produced power accordingly increases.

We can notice a rebound oscillation of the reactivity at around 3 seconds, it corresponds to the
circulation time of the fuel in the reactor.
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3.3 Load following

The second application case is an instantaneous load following transient. The initial condition
corresponds to a critical reactor with 1.5 GWth power. At the beginning of the simulation, the
temperature of the intermediate circuit is reduced to increase the power extracted up to 3GWth.

During the first time steps (Fig.5), the salt is cooled in the heat exchanger, a low neutron
importance area. For this reason the prompt multiplication factor starts to increase after 0.3 s,
when the cold salt is transported from the heat exchanger to the core cavity. After one second,
the feedback effect stops the increase of the neutron population, and the reactivity progressively
goes back to its initial value with a time constant corresponding to the balancing of the delayed
neutron precursor population. An oscillation corresponding to the circulating time of the fuel salt
can be observed. This application case highlights the good behavior of the reactor to load following
transients.
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Figure 4. Load following: &, — 1 (left), total power (middle) and average temperature (right)

For a given flow rate, the power increase during the transient results in an increase of the
temperature raise between the top and the bottom of the core (see Fig.5). The effect of the complex
flow pattern with recirculation localized at the bottom of the core (in blue on the stream line plot of
Fig.5) impacts the temperature field.

: . Initial Temperature
Normalized Power Deposition P

Final Temperature
Stream Line - Velocity

Figure 5. Distribution of power, velocity and temperature
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4 CONCLUSION

A good estimation of the time response of the neutron behavior in a reactor can be provided
using the Transient Fission Matrix Approach. The major advantage of the method proposed is to
reduce the Monte Carlo calculation to the generation of a database of matrices prior to the transient
calculation, no more calculation being required during the transient. The neutronic part of the
coupling is reduced to matrix products. The associated computational cost is reduced, even if it is
directly linked to the spacial discretisation required and to the neutron transport characteristics of
the reactor (sparse matrix for a reactor with a small migration area).

Good preliminary results with the expected magnitude response have been obtained with the
first transient calculations performed on the MSFR reactor. Future development will be focused on
a benchmark to validate the coupled module developed. Other future ways of development would
be the addition of the sensibility to the crossed cells’ temperature on the transient fission matrices,
and the application of the TFM approach on different nuclear systems.
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