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ABSTRACT
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For the analysis of boron dilution transients and main steam line break scenarios the modeling
of the coolant mixing inside the reactor vessel is important, because the reactivity insertion
strongly depends on boron acid concentration or the coolant temperature distribution.

Calculations for steady state flow conditions for the WER-440 were performed with a CFD
code (CFX-4). For this calculation the RPV from the cold legs inlet through the downcomer,
the lower plenum and the lower core support plate was nodalized in detail. The comparison
with experimental data and an analytical mixing model which is implemented in the neutron-
kinetic code DYN3D showed a good agreement for near-nominal conditions (all MCPs are
running). The comparison between the CFD-results and the analytical model revealed
differences for MSLB conditions [1].

After investigating coolant mixing under steady-state nominal flow conditions, first
experiments at the Rossendorf Mixing Test Facility ROCOM were performed simulating the
start-up of the first main coolant pump. The reference reactor for the geometrically 1:5 scaled
Plexiglas model is the German Konvoi type PWR. This transient is important in the case of
the existence of plugs of lower borated water in one of the loops. The travelling of plugs of
different size from the inlet nozzle of the started loop to the core inlet and the resulting
parameter distribution at the core inlet were investigated. CFD calculations for these
experiments show the same qualitative parameter distribution picture with typical maxima,
which are located at the opposite of the reactor from the started loop, as it was observed in the
experiments. After demonstrating the capability of the CFD code to simulate these
complicated flow transients, calculations were performed for the start-up of the first pump in
a VVER-440 type reactor. However, no data from transient experiments are available at the
moment for this reactor type. Therefore the calculations are a first step of understanding the
coolant mixing in the RPV of a WER-440 type reactor under transient conditions.

The results of the calculation show a very complex flow in the downcomer. The injection is
distributed into two main jets, the so called butterfly distribution. In addition several
secondary flows are seen in various parts of the downcomer. Especially strong vortices occur
in the areas below the non operating loop nozzles and also below the injection loop. The
results show that a high downcomer of VVER-440 and the existence of the lower control rod
chamber support coolant mixing.
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1. Introduction

Complex computer codes modeling the whole reactor system including 3D neutron kinetics in
combination with advanced thermohydraulics plant models become more and more important
for the safety assessment of nuclear reactors. Such codes only are capable of estimating the
feedback effects in a realistic way, for instance reactivity initiated accidents with strongly
asymmetric neutron flux distribution in the core caused by a perturbation in one of the
primary circuit loops. At Forschungszentrum Rossendorf (FZR), Institute of Safety Research,
both the hexagonal and the Cartesian versions of the 3-dimensional neutron kinetics code
DYN3D were coupled with the advanced thermohydraulics system code ATHLET [2]. The 3-
dimensional reactor core model DYN3D [3] has been developed for the simulation of
reactivity initiated accidents, where space-dependent effects in the reactor core are relevant.
These are, e. g. steam line breaks or boron dilution transients. Since a ID thermohydraulics
code and a 3D reactor core model are coupled, there is a need for an interface between the
different spatial resolutions. This interface simulates 3D mixing in the RPV by relating the
2D concentration and temperature fields at the core inlet to the ID concentration and
temperature profiles in the single loops.

In the past, an analytical model for the description of coolant mixing in the RPV of VVER-
440 reactors based on the analytical solution of the Navier-Stokes equations in the potential
flow approximation has been developed to replace the non-conservative approach of
homogeneous mixing inside the RPV. This model is included in the coupled code
DYN3D/ATHLET [3]. Another way to calculate the 3D flow distribution in the downcomer
and the lower plenum is the use of the results of computational fluid dynamics (CFD) codes.
At present, the direct coupling of CFD and thermohydraulics system codes is impossible due
to the high demands on computation time in the CFD-calculations. Therefore, simplified
mixing models validated by CFD calculations are still important for use within coupled
codes.

The WER-440 (440 MW) was considered for analyzing the flow field and mixing processes.
There exist two versions of VVER-440 type reactors (V-230 and V-213). In the V-213 there
is an elliptical sieve construction in the lower plenum. In this paper, only the V-230 without
elliptical sieve is considered. The total coolant volume of the primary circuit is about 200 m\
The large coolant volumes in the downcomer and lower plenum compared with the loop
volume (ratio 3:1) show the possibility of a coolant mixing potential. The 3D flow
distribution in the downcomer and the lower plenum of the VVER-440 reactor is calculated
by means of the CFD code CFX-4 [4] for operational conditions. The CFX-calculations are
compared with the experimental data and the analytical mixing model.

After investigating coolant mixing under steady-state nominal flow conditions, first
experiments at the Rossendorf Mixing Test Facility ROCOM were performed simulating the
start-up of the first main coolant pump. This transient is important in the case of the existence
of plugs of lower borated water in one of the loops. The travelling of plugs of different size
from the inlet nozzle of the started loop to the core inlet and the resulting parameter
distribution at the core inlet were investigated. CFD calculations for these experiments show
the same qualitative parameter distribution picture with typical maxima, which are located at
the opposite of the reactor from the started loop, as it was observed in the experiments. After
demonstrating the capability of the CFD code to simulate these complicated flow transients,
the results of a CFD-calculation for the start-up of the first pump in a VVER-440 type reactor
are described in this paper.



2. Calculation of mixing processes with a CFD code
2.1 Model assumptions, geometry preparation and grid generation
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Fig. 1: Computational grid (WER-
440)

For the coolant flow simulation in the downcomer
and lower plenum of a VVER-440 type reactor an
incompressible fluid was assumed. The turbulence
was modeled using the standard k-£ approximation.
The calculations were done on a SGI Origin 200 (1
GB RAM, 4x R 10000 180 MHz, 64 Bit CPU)
workstation platform. For the calculations, a grid
model of the VVER-440 RPV has been developed
(see Fig. 1). The parameters of the discretization are
given in Table 1. In order to receive an optimal net
griding for the later flow simulation one must
consider the following items: Checking grid number
in special regions to minimize numerical diffusion,
refinement of the griding in fields with strong
changes of the dependent variables, adaptation of the
griding to estimated flow lines, generation of nets as
orthogonal as possible (angle >20°).

Table 1: Discretizations of the Reactor Type WER-440

PWR
WER-440

No. of blocks
236

No. of patches
912

No. of grid cells
159800

Inlet boundary conditions were set at the inlet nozzles as given velocity and temperature. The
outlet boundary conditions were set to pressure controlled at the core inlet In the case of the
VVER-440 a control rod chamber exists below the core, which is separated from the lower
plenum by a sieve plate. Because it was not possible to simulate the whole core with the fuel
elements, control rods etc., the sieve plate is modeled as a porous region. The porosity value
y for perforated plates is determined by relating the area of orifices to the total area of the
sieve plate . The body drag forces B are added to the momentum equation (1), to take into
account distributed friction losses in the sieve plate. Using the Cartesian coordinate system,
the momentum equation is written:

0-1.2,3) (i)

= BF-(Rc+RF\u\)n (2)

In the equation (1) U are the components of velocity and T is the shear stress, in equation

(2) BF, Rc and RF are the coefficients of the body force dependence on the velocity. In our
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model, only the second order contribution of the body forces according to relation (2) is used.
The corresponding drag coefficient is obtained from measured values for the flow resistance
at the perforated plate of the WER-440.

23. Results of steady state calculations of the WER-440 in comparison with
experimental results and an analytical model
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Fig. 2: Flow fields in the downcomer of the WER-440 at nominal conditions

The CFD-calculations of the downcomer and lower plenum of the WER-440 / V-230 were
performed under the conditions of equal nominal coolant velocities at all 6 inlet nozzles
assuming an arbitrary temperature perturbation in one of the loops.

The results widely confirmed the validity of the analytical mixing model of Drager [5]. The
flow field in the downcomer is shown in Fig. 2. While in Western type reactors (PWR
Konvoi) recirculation areas exist below the inlet nozzles [6], almost no vortices are found in
the VVER-440. The velocity field is nearly parallel in the downcomer what confirms the
applicability of the potential flow approximation.
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Fig. 3: Temperature distribution in the downcomer (main steam line break scenario)
and flow field in the lower plenum at nominal conditions

This is a special feature of WER-440 type reactors which is due to the inlet/outlet nozzles
construction, downcomer geometry and high number (6) of loops. However, a maximum
velocity exists at azimuthal positions between the inlet nozzles. The almost parallel flow in
the downcomer leads to a low mixing rate what can be seen from the temperature distribution.
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Fig. 5: Scaled temperature distribution at the core inlet (CFX, analytical model)

In the lower plenum of the WER-440, large vortices exist (Fig. 3). The perforated plate is
controlling the size and location of the vortices and therefore also the mixing of the coolant.
The maximum velocity at the core inlet is situated at the outer core radius. To compare the
measurements, the analytical model and numerical simulations with CFX results an
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experiment at the scaled air operated model of the VVER-440 at TH Zittau [5] was
considered. In the experiment, all loops were in steady state operation, one of the six loops
was operating at lower temperature. These conditions correspond to a main steam line break
scenario (MSLB). In Fig. 4 the temperature distribution at the downcomer outlet is shown. A
relatively sharp sector of cold water is located below the inlet nozzle. Figs. 5 and 6 show the
scaled temperature distribution at the core inlet of the VVER-440. At nominal conditions the
numerical simulation using CFX provides similar results like the analytical model based on
potential theory. While Fig. 5 shows the 2D distribution at the core inlet, in Fig. 6 the
distribution is shown along the core diameter starting from the position of the disturbed loop.
The CFD-calculation gives the lowest mixing rate, which can be seen from the greater
difference between maximum and minimum scaled temperatures. However, sector formation
can be clearly seen in all models (see Fig. 5). The lowest mixing rate is situated near the core
edge with the value 30%.

2.3 Modeling of a transient boron dilution scenario for WER-440 type reactors

The boron dilution at the primary circuit of a PWR has become one of the most important
issues in PWR safety. Special emphasis is put on inherent dilution because it can occur
without additional failures of safety systems.

External Dilution

1
Injection from outside in vessel in steam generator

Operation in Boiling or Reflux
Condenser Mode

In-leakagefrom
Secondary Side

Fig. 7: Scenarios leading to boron dilution

Inherent boron dilution can occur when the decay heat is removed from the core by phase-
separating natural circulation (Figure 7).

These conditions lead to boron dilution because

• Boric acid is not dissolved in the steam
• Boron-free condensate can accumulate in a subspace of the primary loop

If one-phase natural circulation restarts due to re-filling of the primary circuit by ECC
systems or a reactor coolant pump starts, the diluted slugs can enter the reactor vessel and
proceed through the downcomer and the lower plenum. Depending on the coolant velocity,
the slug is more or less mixed with the ambient fluid. Weak mixing can result in recriticality
and possibly in significant power release.
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Fig 8: Velocity at the Inlet Nozzle of the Starting Pump

rapidly. The experiments show a back flow into the open non operating loops and to the core.

Model experiments for
studying mixing of diluted
slugs have been performed in
Sweden [7], France [8],
Russia etc. and at the Mixing
Test Facility ROCOM at FZR
Rossendorf / Germany. Many
of the studies are
concentrated on the scenario
*Start-up of the first pump'.
In this scenario the diluted
slug is transported from the
loop to the core by starting a
main circulation pump
(MCP). The flow in the
starting loop accelerates

Following additional boundary conditions were assumed for the transient numerical
simulation of a pump start-up scenario:

• initially all pumps are stopped, no natural circulation occurs
• in one loop the MCP (Main Coolant Pump) starts linearly from 0 to 8550 kg/s in 14 s,

after 14 s the mass flow rate is constant at 8550 kg/s (Fig.8)
• the unborated slug is given as a scalar impulse from 3.0-5.0 s after the beginning of the

start-up of the MCP (Fig. 9), the unborated slug corresponds to 7.3 m3 of unborated water
• no counter flow at the other loops as a conservative assumption, the slug is completely

passing the core

The scalar representing the
boron content of the slug is
treated in normalized form
by setting the original boron
concentration deficit of the
slug equal to unity. In [9] a
sensitivity study on the
turbulence models, the
difference schemes and the
choice of time dicretization
was made to show the
influence of these patterns
on the result of the "*
calculation. An important
fact was the right choice of F lS 9 : S c a l e d Concentration Level
time discretization (0.05 s) Starting Pump
to minimize numerical
diffusion.
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Results of pump start-up simulation

Table 2: Time dependent Mixing Conditions at the Pump Start-up Scenario

Time / s Downcomer Core Inlet

3 3000E-01
2.9«15E-01
2.3358E-01
1 7300E-01
1 1442E-O!

s< O.OOOOE + 00
seal

Lower Support Plate

3.3000E-O1
2.9613E-01
2.3538E-O1
1 7300E-01
1.1442E-01
S 3 8A6E-02
O.OOOOE+00

seal
7.0

12.0

16.0

23.0

The results of a pump start-up simulation are shown in Table 2. The results show a very
complex flow in the downcomer. The injection is distributed into two main jets, the so called
butterfly distribution. In addition several secondary flows are seen in various parts of the
downcomer. Especially strong vortices occur in the areas below the non operating loop



nozzles and also below the injection loop. Here a strong recirculation area occurs, which is
controlling the size of other small swirls. The complex flow field promotes strong mixing of
the slug in the downcomer.

Although the slug divides into several parts two main front layers propagate towards the core
on the left and right side of the injection loop. Parts of this main front are less mixed. The
front of the mixed slug is reaching first the lower support plate and then a few seconds later
the core inlet The control rod chamber is also playing a important role for mixing the slug
front The results show that a high downcomer of WER-440 and the existence of the lower
control rod chamber support coolant mixing.

3. Outlook

Further investigations are necessary to model the internals in a more detailed form. To
validate the CFX-4 code it is necessary to compare the results with experiments for VVER-
440 reactor types. To analyze the dependencies of the power output of the reactor on the
temperature and/or boron concentration distribution an interface between CFD models and
the neutron kinetic code DYN3D has to be set up at the core inlet region.
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