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In its effort to contribute to nuclear power plant safety, CEA proposes the integration of
an engineering grade 3D neutronics code into a real-time plant analyser. This paper
describes the capabilities of the neutronics code CRONOS to achieve a fast running
performance. First, we will present current core models in simulators and explain their
drawbacks. Secondly, the mean features of CRONOS's spatial-kinetics methods will be
reviewed. We will then present an optimum core representation with respect to mesh
size, choice of finite elements (FE) basis and execution time, for accurate results as well
as the multi 1-D thermal-hydraulics (T/H) model developed to take into account 3D
effects in updating the cross-sections. A Main Steam Line Break (MSLB) End-of-Life
(EOL) Hot-Zero-Power (HZP) accident will be used as an example, before we conclude
with the perspectives of integrating CRONOS's 3D core model into real-time simulators.

Current core modelizations used in simulators

So far, plant simulators have used simple core neutronics due to hardware limitations at
the time of their development. Among the most stringent assumptions, one finds:

• the restriction to point kinetics or axial 2-group diffusion; simple models based on
axial synthesis methods have been developed : often, the diffusion equations are
solved in their static expression in order to obtain a form function for the fluxes
and the neutronics power, the thermal neutron leakage term is sometimes
neglected in the 2-group formulation, resulting in a 1-group diffusion to be solved
only. The power level during transients is given by the point reactor kinetics
equations. The total power is then computed with the used of simple decay
models for the calculation of the residual power.

• azimuthal effects are treated in a parametric way, using determined tilting
coefficients

• T/H feedback is treated though a lumped approach for a few channels. The core
is divided into T/H macro-regions and it is still frequent to find only two channels
describing the core: a by-pass channel and an average core channel
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Furthermore, these neutronics models are very limited in their ability to represent a
current reactor core as it is actually designed or loaded because the 1-D model
constants have to be fitted to represent as accurately as possible a given cycle for a
specific reactor. Several simulators, including our model host: SIPA (SIPA [1] is a post
accidental simulator based on the T/H code CATHARE [2]), only utilize cycle 1 and 4,
both at BOL and EOL conditions. These fitted constants include 2-group cross-sections,
diffusion coefficients, radial bucklings...and have to represent as accurately as possible
the actual core from cold shutdown to accident situations. This done by using corrective
terms to account for boron concentration, xenon concentration, water density, Doppler
effect, control rod presence...This tuning process has to be performed for every reactor,
every cycle at any time during a cycle. It is labor intensive, and is validated only for
steady state computations. Alternatively, with modern computer technologies, an
engineering grade, extensively qualified 3-D neutronics code could be implemented in a
simulator, providing state-of-the-art methods for a full 3-D simulation. The CRONOS [3]
neutronics code is an excellent candidate for that purpose since its mixed-dual diffusion
solver MINOS [4] is very rapid and because of its modularity and extensive validation.
The current status of the core would not be an unknown anymore since the initial
conditions for a transient can easily be generated during depletion computations thus
capturing the exact instantaneous core state at any burn-up. To be able to use the same
core physics for best-estimate design computations and for real-time simulation is a very
significant and promising feature. The simulator model will also benefit from nuclear
data generated by state-of-the-art lattice code like APOLLO-2 [5].

CRONOS's spatial-kinetics models

The CRONOS code is a 3-D neutronics Finite Element Method (FEM) diffusion (and
simplified transport) code developed at CEA (Commissariat à l'Energie Atomique). With
its mixed-dual formulation (MINOS solver), the diffusion equations result in a fast-
running execution. The spatial-kinetics methods available include an integral 9 scheme
(3D-theta) as well as an improved quasi-static method (IQS). An enhanced rebalancing
procedure for the 3D-theta scheme has been tested and validated.

Equations

The basic equations are a set of the three-dimensional, multi-energy-group neutron
kinetics equations (in absence of any external source), which are derived from the
diffusion theory (with the usual notations):
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p is the neutron current which obeys to Fick's law: p (r, t) = -D V0 (r,t) (2)

and delayed neutron precursors satisfy:
dC (r t)

r
ot

= -XkCk(r,t) + ̂ (3kg.vEf4>g.(r,t) (3)

Spatial treatment

Among all the approximation spaces for Cartesian geometry, the Raviart-Thomas-
Nedelec elements (RTN) [6] have the remarkable property of producing sparse matrices
with very few coupling terms for the flux and the current. In the system (14), the flux
matrix H is diagonal (with respect to space), the current matrixes A are block-diagonal
and the current-flux coupling B matrixes are, by a particular choice of polynomial bases,
simple difference operator that do not even need storage. Various boundary conditions
can be taken into account such as zero flux, reflection, void, translation, rotations. The
discontinuity conditions on the scalar flux can also be taken into account. The unknowns
are ordered so that the x, y and z components of the current are numbered first and the
unknowns corresponding to the flux afterwards. After some mathematical manipulations,
we obtain the following sparse system:
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where pd (d=x,y,z) are the current components at the end of the time step (for group g),
0is the flux component (group g). The S term is the source due to the precursors, the
flux at the beginning of the time step and the flux at the end of the time step for all
groups g ^ g .

Time discretization

An improved theta schema is used in the CRONOS code. For a given time step, the
cross-sections vary linearly with respect to time and the flux is weighted as follows

(Kr,t) = <Kr, t>p( t ) + <Kr,tp+1)cop+1(t) (5)

where the weights are second order polynomials verifying

(6)fp+1top(t) = 6At and

If 9=1/2, we have a Crank-Nicholson scheme and if 0=1, we have an implicit scheme.
The precursors equations are integrated analytically on the time step and reported into
the neutron balance equation.

The iterative algorithm

In order to obtain a positive definite system, the flux of (14) is substituted into the current
equations (this elimination is straightforward because H is diagonal and the sparsity of
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the system is maintained). The iterative process is a double-stage Gauss-Seidel
iteration. The inner iteration is done on the current components, the outer one is
performed on the energy groups. For each energy group, the system is inverted using a
block Gauss-Seidel procedure on the directions d, each direction being exactly inverted
with a Cholesky LD*L decomposition. The flux is then computed and the source updated.

Rebalancing technique

Because of the Gauss-Seidel iteration on the energy groups, we decided to improve the
convergence rate by using rebalancing coefficients. These coefficients depend only on
energy and not on space. We will now present this technique. Let the overall system we
are solving be:

MT = s (7)
where M is a n x G square matrix (G = number of energy groups, n = number of nodal
values), T the unknown vector of dimension n x G and s the source. During the
iterations on a given time step, we don't have M T - s = R = Obecause of the Gauss-
Seidel procedure. The idea is then to minimize the residual R in the sense of the L-2

norm. Let T be such that

~ ' 0 0 0 0

(8)
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where Tg represent the nodal values for a given energy group (g = 1 .. G).

Minimizing | M T - s i 2 is equivalent to solving the following space independent system

[(AT|AT)]- [A]=[(AT|S)] (9)

this is a G x G system since the scalar products are performed on the spatial variables.
We then obtain G coefficients (Ag,g=1..G) that are used to "rebalance" the neutron

population between energy groups at a given frequency on the outer iterations. We plan
to use the rebalancing technique every 7 outer iterations.

Multi 1-D thermal-hydraulics model

For the thermal-hydraulics computation in simulators, modern (T/H) codes like
CATHARE are used to solve a 6-equation fluid for all the system components, but it is
still customary to simulate the core with only a few channels. In order to perform an
accurate 3-D neutronics calculation, it is clearly not sufficient to take into account a few
(T/H) channels for the3-D update of the cross-sections, since they strongly depend on
water density and fuel temperature for instance. To cope with the lack of 3-D (T/H), a
multi 1-D mixture (T/H) model has been developed for the simulation of transient two-
phase flows. The requirements for such a model is to be simple enough to run in real-
time and accurate enough for cross-section updates.
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Hydrodynamic Equations

The (T/H) model consists of the hydrodynamic equations, constitutive relations, and the
equation of state for the fluid plus appropriate boundary conditions for a homogeneous
two-phase flow in a piping network. The fluid model used is the homogeneous drift
model, to which a true flow quality relationship was added. The model is said "multi 1-D"
because all assemblies or quarter-assemblies are explicitly described but there is no
cross-flow between assemblies. When no cross-flow occurs, it is expected that the radial
pressure be closed to uniform. Therefore, we decided to use the axial pressure
computed by the simulator (T/H) code (e.g. CATHARE) and only take into account the
mass and energy balance equations:

^ + ̂  = 0

* dz •• d o )
3h _9h „• q P h

 V '

The mass and energy equations are discretized with standard finite difference technique
in space and a theta scheme is used for the time. No matrix inversion is required since
all volume variables are transferred to the mesh edges the mesh solution only requires
knowledge of one-mesh-below values

Correlations

The true flow quality is determined by using Levy's relationship x = xeq - xz exp| —— -11

[7] where x = L and xz = •
Iv

-°°022q"DC.forPe<70000
hlvk

154q"

Ghlv

for Pe > 70000

The thermal flux q" is computed via Newton's law q" = h(Tw -Tm ) where h is the wall-
fluid heat transfer coefficient. The appropriate correlation used for h are summarized in
Table 1. The subcooled region has been given particular attention by dividing it into
partial and fully subcooled regimes.

Rx

The void model applied is the Zuber-Findlay correlation [7] a = •xC0+VdRPv

where Co is given by Dix [8] formula and Vd is the terminal velocity:
/ \0.1

with p = ^ and b = Y-\ and Vd

(1-x)pv+xp, [pj
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Heat Transfer Regimen

Turbulent single phase flow
ONB criterion

Partial subcooled boiling

OSV criterion
Fully developed subcooled boiling

Saturated boiling

Correlation or Criterion
Dittus-Boelter

Bergles-Rohsenow
Bowring method with Jens-Lottes correlation for the

two-phase heat flux
Saha-Zuber

Chen or Jens-Lottes
Chen or Jens-Lottes

Table 1. Heat transfer correlation and criterion, [7], [8], [9]

Fuel temperature model

The radial temperature distribution in a fuel element is calculated with the transient heat
conduction equation:

_ 8T 1 d (. dT) ..,
pCD — = k r— + q

p 3t rdr[ dr)
with boundary from the wall-fluid interface. This equation is solved with a theta schema
with respect to time, and finite difference in space, thus resulting in a tri-diagonal matrix
inverted by forward/backward substitution.. Three main regions are considered: the fuel
pin, the gap and the cladding. Material properties are taken from MATPRO [10].

Boundary and initial conditions

Simulator's average
Core channel

Pressure

3-D core, Cronos
(Neutronics and
Simplified TH)

Redistribution maps

Boundary T/H field variables (p, p, T, G) from the simulator

Figure 1. Coupling methodology

The simulator code supplies the pressure field at any given time along the z-axis. For
steady state, boundary conditions needed are the inlet enthalpy and mass flux (the
outlet pressure required to complete the mathematical formulation is automatically given
by the simulator). For transients, the inlet enthalpy and mass flux are given by the
simulator in terms of temperature (or enthalpy) and flow rate for each loop. Semi



empirical redistribution maps are used to compute inlet condition for each radial mesh.
We typically utilize Lacydon maps [11] (see Figure 1).

Iterative algorithm

The set of discretized hydrodynamic and fuel conduction equations are solved by direct
linearization (as shown on Figure 2). No matrix solution is needed to solve the
straightforward hydrodynamics and simple LU decomposition is used for the conductive
heat transfer in the fuel.

Let n+1 be the current time and k+1 the node unsolved yet. Values at time n are known.
After determination of the inlet boundary conditions with the Lacydon maps, each T/H
channel is independent. The conservation equations are solved sequentially for the
enthalpy, density, mass flux and pin temperature distribution for the node k+1 at time
n+1. The hydrodynamics equations are solved in a node-to-node forward marching
manner. First, an estimate is used for the density p£*} ro solve for h ^ . Using the
equations of state and void correlations if necessary, we update the value of p^j . The
mass balance is then solve for Gr

k
+

+\ and the iterative process is repeated until
convergence is reached. The solution then proceeds to the determination of the fuel
temperature (T/H variables are passed to the conduction routine where wall temperature
and heat exchange coefficients are computed. Here again, an iterative procedure is
needed for the conduction, the resulting heat flux q'wall̂ J is returned to the energy
equation. The entire process continues until overall convergence is obtained.

n+1 ^ nn+1 ^ n+1
Pk+1 . "k+1 . Pk+1

Estimate Energy equation ; Equations of state +
; Void correlations

V

T
Heat transfert wa"lktonduction equation T k + 1

correlations

Figure 2. Iterative scheme for the T/H model

Tests

The T/H model has been extensively tested on PWR and BWR static cases and we
present two PWR kinetics cases: 1/ a loss of primary loop on a 4-loop PWR and 2/
sudden insertion of reactivity (p=p73). Figures show the power levels computed. The
reference computations were performed using a fully time-dependent coupled T/H and
neutronics method with the CRONOS and FLICA [12] codes, under encapsulated PVM
broadcasting (ISAS code [13]) (see Figures 3). The T/H will soon be implemented in the
next CRONOS revision.
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Loss of one primary pump: power level

Sudden reactivity insertion: power level

0,00 1,00 2,00 3,00 4,00 5,00

\

• CRONOS T/H

— H » - — FLICA

Figure 3. Kinetics validatition of the T/H model

Determination of an optimum mesh size and Finite Element (FE) approximation

The family of Raviart-Thomas-Nedelec (RTN) finite elements (FE) of order k, written
RTk-i, seeks the flux as a product of 1-D k order polynomial and the current component
along the d (d=x,y,z) direction as a product of 1-D (k+1) order polynomials along the d-
axis and 1-D k order polynomials in the other two directions. Typically, reference
calculations are performed using RTN2 or RTN3 bases. The corresponding mesh size
used is quarter assembly radially and about one axial plane every 13 cm (that is about
37 planes for a 1300 MWe PWR). The purpose of this section is to seek a coarser mesh
and a family of R T N M that will still perform well in terms of accuracy but require less
computational time. It is customary to distinguish FE bases between the X plane on one
hand the Z direction on the other hand. Let RTk-iNq.i be the RTN family of order k in XY
and q in Z. Regarding the mesh size, we started with the usual reference mesh (quarter
assembly, height of -13 cm, as shown on Figure 3 under legend 2 x 2 ) and unrefined it
axially (2x1), radially (1 x 2) or both axially and radially (1x1).
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Figure 4. Tentative mesh subdivisions

l x l

Statics cases

To assess the performance or coarser meshes and lower order polynomials bases,
several statics computations were performed on a 1300MWe PWR at nominal power all
rod out (100% out), hot zero power all rods in (HZP in). In Table 2, we present the
results for the (HZP in) case since the conclusions we draw from it included the ones
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form the (100% out) case because the flux distribution in harder to calculate in the all
rods in configuration. Best results are obtained when either the mesh size is still fine or
when high order polynomials are used. When the mesh refinement is poor and the
polynomials bases are linear for either the XY or the Z directions, the solution diverges.
The best CPU performance is obtained for the coarsest mesh with 2nd order polynomials
in the XYZ directions.

Mesh
2
2
2
2
1
1
1
1
2
2
2
2
1
1
1
1

x 1
x 1
X 1

x1
X 1

X 1

x1
x1
x2
x2
x 2
x 2
x 2
x 2
x 2
x 2

k,q
1, 1
1,2
2,1
2,2
1,1
1,2
2, 1
2,2
1,1
1,2
2, 1
2,2
1, 1
1,2
2,1
2,2

(ak,

keff

0,96727
0,96452
0,96941
0,96773
0,95801
0,95054
0,97029
0,96873
0,96321
0,96342
0,96645
0,96665
0,95002
0,9505
0,96745
0,96765
Table 2

A keff (pern)
6

-21
28
11
-86

-161
36
21
-34
-32
-2

Ref
-166
-162

8
10

A.O., %
-76,58
72,82
-51,93
74,15
-94,08
-24,52
-46,58
74,09
63,03
62,88
66,40
66,68
-58,53

-65,211
66,41
66,71

p.p.fb

11,861
9,430
9,689
9,441
14,810
6,549
8,269
8,234
8,550
8,435
8,640
8,552
8,527
9,831
7,547
7,472

# ite c

461
272
755
238
168
711
791
240
324
332
277
278
478
426
270
281

CPU (s)
13,96
16,3

71,98
57,81
4,66
11,01
19,67
13,76
18,53
33,75
63,6
132,1
8,68
12,04
14,52
28,52

min(AP2D),°/<
-26,94

-8,11

-19,04
-1,24
-55,5

-57,64
-18,4
-7,86
-7,81
-7,9
-0,28
Ref

-57,42
-57,2
-9,09
-8,82

» max(AP2D),%
20,15
17,55
6,27
1,62

60,89
65,71
10,96
7,15
16,56
16,7
0,14
Ref
64,3

63,92
8,32
8,15

Comparison of mesh size and Finite Elements approximations
q from RTk-iNq..-i,

b ppf: assembly power peaking factors,c ite:

a(AP2D ),
11,79
7,58

7
0,85

30,57
30,94
7,87
4,35
6,99
7,07
0,12
Ref

30,57
30,5
5,32
5,17

flux iterations)

%

Kinetics cases without feedback

An homogeneous (over the entire core) as well as an localized (one assembly) sudden
reactivity insertions (from p<Oto p>P) have be calculated for the 16 cases described in
Table 2 for a hot full power 1300 MWe PWR core. The homogeneous reactivity insertion
can easily be performed simply by modifying the initial fission source value. The
heterogeneous reactivity insertion is done by modifying the boron and xenon
concentrations. We will put emphasis the computation of an homogeneous reactivity
insertion of $0.5 (see Figure 5) because it revealed the deficiency of the rebalancing
criterion as coded. On Figure 5, it is clear that for the coarse mesh (1 x 1 ), with quadratic
polynomials and with the Crank-Nicholson scheme (0=1/2), the solution diverges. By
forcing the rebalancing every outer iteration (instead of every 7), the solution smoothly
behaves like the reference case. We decided to modify the rebalancing criterion in such
a way that we will not need to use it at every iteration (because it then becomes CPU
expensive) but we will still get the exact answer.
First, if the error residual of MxF-s = R is greater than 0.1 before rebalancing and not
less than 0.01 after, we will not consider using the rebalancing coefficients obtained at
that iteration (simply put, the solution has not converged enough and little gain is
achieved by the rebalancing). Secondly, if the error is greater after the rebalancing, we
do not use the rebalancing coefficients. Thirdly, we never exit the outer loop without the
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last iteration being performed with rebalancing. The effect of this set of new criteria is
shown on Figure 5.
For other cases (reactivities close to prompt critical), it is necessary to utilize extremely
small time steps (about 1 ms and 0.1 ms for the prompt critical cases) to retain a certain
level of accuracy with the coarser mesh grids, but such cases rarely occur in real-time
simulators. Usually, simulators use a fixed the time step (10 Hz or 100 ms), for which our
kinetics tests without feedback behave correctly (for steep insertion of large amount of
reactivity, it may be desirable to reduce the time step to 50 ms). The new implemented
Improved Quasi-Static (IQS) method performed well but is about twice as slow in terms
of CPU performance as the 3-D integral theta scheme with rebalancing for the same
time step with both methods giving the providing the results with the same accuracy
(note: the theory of IQS was still verified; without rebalancing, much larger time steps
are allowed in the IQS method. It is well known that the error on reactivity in the Point
Reactor Kinetics Equations (PRKE) is minimized by using the adjoint flux as weighting
function. By using the rebalancing technique, we are minimizing the problem in other
mathematical sense that rejoins the solution of the IQS).

Figure 5. Validation of the new rebalancing criteria

Main Steam Line Break accident (MSLB)

The MSLB at End Of Life Hot Zero Power accident postulate a guillotine break of a main
steam line at the exit nozzle of a single steam generator. Following the break, large
amount of steam is released, providing overcooling of the reactor core and pressure
drop in the primary loop. The accident is most severe at EOL HZP when the coolant and
fuel start at the same temperature (292 °C). The reference computations were
performed using the coupled Neutronics and T/H with the CRONOS / FLICA / ISAS
system using a 100 ms time step (total accident time computed: 400 sec). Once again,
the 16 cases of Table 2 were calculated with different time steps with the 3-D theta
schema as well as with the IQS method (Figures 6 and 7).
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MSLB: boundary conditions MSL8 Fica4 Resets and Cro

Figure 6. Boundary Conditions Figure 7. CRONOS/FLICA/ISAS
and CRONOS/TH results

Mesh approx.
FE approx.

Simplified T/H

Xn Update

Matrixes

Flux

Power

Precursors

Reactivity

Total

2 x 2 ,
deg22

10437

3914

9951

12747

832

2097

3661

43639

%

24

9

23

29

2

5

8

l x l ,
deg22

1400

626

1185

1018

124

218

500

5071

%

28

12

23

20

2

4

10

l x l ,
deg 22, OPT

75

83

198

185

21

40

0

601

%

12

14

33

31

3

7

0

Table 3. CPU performance for the MSLB computation, on a single DEC a EV-6

The optimum (mesh, FE) configuration proposed is the coarsest mesh ( 1 x 1 ) with
quadratics polynomials in the XYZ directions. With time-steps of 100 ms (as imposed in
the simulator), the CRONOS code performed about 12 times slower than real-time. The
simplified T/H used 28% of the CPU, and after a flow trace run, we noticed that it was
due to correlations calculations. We tabulated the correlations instead of computing
them and the CPU time dropped from 1400 to 560 sec. The simulator will use an 8-
processor DEC a EV-6 machine. We can expect speed-ups of 90% on the T/H
(channels are not coupled), cross-section update, and 75% on the matrix and flux
computations [14]. The expected results (1x1, deg22, OPT in Table3) would be 50%
slower than real-time, but the pure FORTRAN version of MINOS is about 4 times faster
than its ESOPE version.

Conclusions

The integration of the CRONOS neutronics code into a plant-analyzer could greatly
facilitate the direct use of core design data and improve the domain of validity.

Future work
• The T/H model should be improved to include options for counter-current flows in

the drift model because such regimen are encountered for LOCA accident, which
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is the design basis accident for PWR's. Single vapor heat transfer correlations,
such as Groeneveld, should be implemented.

• Residual power computations should be taken care of. This could be easily
performed using the FAKIR formalism developed at the CEA (FAKIR is a decay
heat database for PWR's)

• Local (pin by pin) flux reconstruction formalism is necessary to the completeness
of the simulation

• A specialized version of the MINOS solver should be written in pure FORTRAN,
with fixed numbers of energy groups, spatial regions, polynomials orders.
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