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ABSTRACT
The main objective for the quantification of the fluid mixing in the downcomer and the lower
plenum is the demonstration of the safety of the nuclear plant during non-symmetrical
transients. This concerns two main topics: The risk of brittle fracture of the Reactor Pressure
Vessel (RPV) due to Pressurized Thermal Shock (PTS) and the risk of core reactivity
excursion during non-symmetrical transient such as Main Steam Line Breaks (MSLB) or
Boron Dilution Transients (BDT). These scenarios are studied in the 1:5 scaled WER-1000
reactor model at OKB "Gidropress" in the framework of a TACIS project: "Development of
safety analysis capabilities for WER-1000 transients involving spatial variations of coolant
properties (temperature or boron concentration) at core inlet".

The 3-D computational fluid dynamics (CFD) codes provide an effective tool for mixing
calculations. In recent years, the rapid development of both the software and the computers
has made it feasible to study the coolant mixing in sufficient detail and to perform the
calculations for transient conditions. The CFD-Code used was ANSYS CFX. The geometric
details of the construction internals inside the RPV have a strong influence on the flow field
and on the mixing. Therefore, a detailed representation of the inlet region, the spacer in the
downcomer, the elliptical perforated plate and the complicated structures in the lower plenum
was necessary. All parts of the lower plenum structures were modeled in detail. The
computational grid contained 4.3 Million nodes. In the WER-1000 reactor, similar
characteristic flow and mixing pattern are observed in the case of nominal flow conditions
like for Western type PWR. Sensitivity analyses were performed following recommendations
included in the ECORA Best Practice Guidelines.

Regarding the flow field and mixing in the downcomer during four loop operation at nominal
flow rates, it has been shown that a sharp sector formation like in western 4-loop reactors
appears. The flow field is inhomogeneous, in fact high velocity values occur beside the loop
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positions, and not below the inlet nozzles, which indicates the presence of recirculation areas
or stagnant zones. Regarding the flow field and mixing at the core inlet, it has been shown
that the mass flow rate distribution is more or less homogenous over the core diameter due to
the lower plenum internals, the perturbed sector covers more or less one fourth of the core; a
sharp sector formation like in western 4-loop reactors appears, weak mixing zones appear
(around 99.7% of the unperturbed concentration). In most cases, the sensitivity analyses
performed did not show any appreciable dependence of the results with respect to the
addressed parameters. A three loop operation was chosen to show the differences of the flow
and mixing behavior compared to the four loop operation.

An extensive experimental program is now running, aimed at studying different flow
conditions in the reactor mock up, such as the start-up of the 1st coolant pump or natural
circulation conditions with density differences of the primary coolant. Pre and post test CFD
simulations are being carried out for code validation and for a deeper understanding of the
flow and mixing behavior in the VVER-1000 reactor also in the future of the project.

INTRODUCTION
For the analysis of boron dilution and Pressurized Thermal Shock (PTS) transients 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
[1], [2]. The 3-D computational fluid dynamics (CFD) codes provide an effective tool for
mixing calculations. In recent years, the rapid development of both the software and the
computers has made it feasible to study the slug transportation in sufficient detail and as a
transient calculation. Model experiments for studying mixing of diluted slugs have been
performed at the Rossendorf Coolant Mixing Test Facility ROCOM. Due to the use of this
comprehensive experimental database for CFD code validation, the experience in numerical
modeling of the coolant mixing in pressurized water reactors ([3], [4], [5], [9] and [10]) could
be applied in this study. The Best Practice Guidelines [6], which have been specified for
nuclear reactor safety calculations within the ECORA project, have been used to optimize the
numerical studies of transients in different reactor types with respect to meshing, selection of
time step and physical models (e.g. turbulence models). This knowledge is basically used in
this study.

The TACIS Project R2.02/02 (Ref. [1]) involves pre-test Computational Fluid Dynamics
(CFD) simulations of the ten experiments that are to be conducted on the Gidropress Mixing
Facility (Ref. [8]). The calculations were performed using the ANSYS CFX CFD code. The
present paper describes some of the pre-test CFD simulations of the first experiments. The
mentioned experiment consists in running the four circulation pumps of the Gidropress
Mixing Facility at steady-state conditions corresponding to the nominal mass flow rate, and
injecting a tracer in the cold leg of loop #4 for a certain period. The calculations were
performed using the ANSYS CFX 10.0 CFD code.

GIDROPRESS MIXING FACILITY
The test facility has four circulating loops with a model of the reactor and the pressurizer.
Schematic spatial circuit of the test facility is given in Figure 1. The base of experimental
facility is one-to-five scale metal model of WWER-1000 reactor where in the geometry of the
flow section of Novovoronezh NPP reactor, Unit No. 5 beginning from inlet nozzles to the
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core inlet is simulated. The reactor model volume is 0,888 m3. The reactor model is also
shown in Figure 1. The core is simulated partially. Instead of FA simulators and protective
tube unit in the reactor model there is an «assembly» (Figure 3). The «assembly» is a bundle
consisting of 91 tubes with 14x2 mm in diameter that is assembled with the help of three
spacing grids by which the pressure loss of the core and the protective tube unit is simulated.
Rods with conductivity measurement probes are mounted through the model cover into these
tubes.

Vertical cut through RPV of WER-1000 Horizontal cut through RPV of WER-1000
at the spacer element positions

Vertical cut through RPV of WER-1000
(lower plenum)

Sketch of the reactor model core barrel
bottom

Figure 1. The Gidropress Mixing Facility
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In the lower part of the model between the internal surface of the vessel bottom is formed by
rotating an ellipse as well as the external surface of the core barrel. Water comes into the core
barrel bottom from the lower plenum through 1004 holes of 8,0 mm diameter and 320 holes
of 18 mm diameter in elliptical grid. Perforation of supporting tubes located inside the core
barrel bottom (Figure 1) was not simulated geometrically; it simulates only a pressure loss of
full-scale supporting tubes. Pressure loss coefficients are reduced to a velocity in pipeline of
170 mm in diameter with four loops being in operation. The test facility has a reactor coolant
system consisting of four loops and auxiliary systems for filling and blow down of coolant
system, as well as for preparation and injection of salt solution.

Table 1 - Pressure loss coefficients (PLC)

Component of flow path
Inlet nozzle
Downcomer annular channel
Elliptical grid of the core barrel bottom (with a gap of 17 mm)
Simulator of supporting tube
Outlet nozzle

PLC
0,73
0,05
2,60
0,24
0,55

In each of circulation loops there is a flash tank intended for simulating the volumetric ratio of
coolant in the test facility and in the reactor plant. Coolant volume in each circulation loop is
0,727 m3. Each pump has a frequency-controlled drive for the control of volumetric flow.
Flow rates in circulation loops are measured with the help of electromagnetic flow meters.
System for salt solution preparation and injection into the facility RCS includes: tank for salt
solution preparation, measuring pump, fast response valve and drainage tank. Salt solution is
supplied into the system by batching pump with capacity of 60 m3/h and pressure head of
0,5 MPa. Downstream of the valve a collector from which four lines for salt solution supply
into each of circulation loops branch is mounted. Salt solution for the experiments simulating
a steam line break and an asymmetric boron injection is injected into return pipeline directly
upstream of circulating pumps. For measurement of salt concentration during the experiments
the conductivity measurement probes are used, these sensors are installed:

• at the outlet of the supporting tubes of the reactor model core barrel bottom
• at the inlet and outlet nozzles of the reactor model
• at different elevation in tank for salt solution preparation
• in drainage tank
• in the line of salt solution supply downstream of fast response valve.

THE EXPERIMENT
Ten experiments will be conducted on the Gidropress Mixing Facility, with the purpose of
investigating the mixing phenomena occurring inside the RPV of a WER-1000 reactor
during transients involving time and space perturbations of the coolant physical properties at
the core inlet. Such experiments belong to the following three categories:

• Experiments simulating the start-up of one Reactor Coolant Pump (RCP), along with
the transport of a deborated water slug into the RPV and through the reactor core (two
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experiments)

• Experiments simulating the onset of a natural circulation regime, along with the
transport of a deborated water slug into the RPV and through the reactor core,
accounting for different density ratios between the injected solution and the coolant
(three experiments)

• Experiments simulating an asymmetric operation of the RCPs, which can occur during
Main Steam Line Break (MSLB) scenarios, with the simultaneous injection of
deborated water into the coolant circuit (five experiments)

The first experiment E#6 is one of the 3rd type (asymmetric RCPs operation), namely the one
involving the steady state operation of all the four pumps at nominal conditions (i.e. 172
m3/hr), and the injection of tracer solution in loop #4 (upstream the circulation pump) for a 60
s period and with a 14 m3/hr volumetric flow rate.

Table 2. Mixing Experiment E#6

E#6

Circulation loop flow
rate, m3/h

Ql

172

Q2

172

Q3

172

Q4

172

Flow rate of injection,
m3/h

qi
0

q2

0

q3

0

q4

14

Concen-
tration,
g/dm3

Co

0-1

Cs

10+
0,5

t, s

60

CFD SIMULATIONS

The computational grids used
The "meshing activity" led to the achievement of several computational grids, and to the
selection of a "reference grid" among them, to be used for the pre-test CFD analysis of the
first experiment. The selection of the reference grid (Figure 2) was based on computational
performance criteria, i.e. the grid achieving a given convergence target within the smallest
number of iterations in test calculations was chosen.

The computational domain of the reference grid includes the following parts:
• Four RPV inlet nozzles
• RPV downcomer
• Lower plenum - below the barrel bottom
• Perforated shell (barrel bottom)
• Solid columns region (lower part of the support columns)
• Perforated columns region (upper part of the support columns)
• Periphery (region surrounding the perforated columns)
• Plate&Outlet (core support plate, plus the outlet volume defined in the core region)

In addition, three modified versions of the reference grid [11] were developed in order to
perform sensitivity analyses recommended by the ECORA Best Practice Guidelines (BPG,
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Ref. [6]), and described in the next Sections. The whole set of meshes used for this pre-test
activity is summarized in
Table.

CFD simulations set-up
This Section describes the set-up of the pre-test CFD simulations that have been performed by
the Consultant (in particular, by UNIPI and FZD) for the first mixing experiment to be
conducted on the Gidropress Mixing Facility. The two Organizations agreed upon a common
approach to follow, based on the following two steps:

UNIPI and FZD set-up and run a reference calculation based on the same grid (i.e. the
reference grid), boundary and initial conditions, numerics and any other input parameter. The
aim is to assess a "checked" common set-up, and to evidence possible user-effects of issues
related to the different computational resources used by UNIPI and FZD.
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Figure 2. Reference Grids

A number of sensitivity calculations recommended by the ECORA Best Practice Guidelines
are identified and then performed, based on modified versions of the reference calculation set-
up and of the reference grid. Some of those sensitivity analyses are carries out by FZD, the
other ones by UNIPI.

Table 3. Computational grids used

# Grid Id.
Assembly 1
Assembly l.B

Assembly l.C
Assembly l_fine

Description
reference grid
domain extended to include part of the
cold legs
extended outlet volume
increased number of nodes

All the simulations were performed with the ANSYS CFX-10.0 package [12]. It has
capabilities for simulating a wide variety of fluid flow problems, among which single-phase
mixing problems. It embeds the following modules: a pre-processing tool (CFX-Pre) for
setting-up simulations, a solver tool (CFX-Solve) that solves for the hydrodynamic equations
using a fast coupled solving algorithm, and a post-processing tool (CFX-Post) that allows the
visualization and the analysis of simulation results. The solver is based on a finite volumes —
finite elements hybrid approach. Here are some common features of all the performed
calculations:

• Working fluid: water (incompressible) at 1 atm, 25 °C
• Density. 997 kg/m3
• Dynamic viscosity: 8.899 x 10"4 kg m"1 s"1

• Turbulence accounted for either with SST or BSL model
• The following field equations have been solved:
• Mass balance (Continuity)
• Momentum balance (Navier-Stokes)
• Transport of turbulent kinetic energy (k)
• Transport of turbulent eddy frequency
• Transport of an additional, user-defined, scalar variable simulating the tracer

According to the specifications of the Gidropress Mixing Facility Experiment #6 all the
simulations involve a constant and symmetric mass flow rate through all the loops that
corresponds to 2.1049 m /s inlet velocity at each inlet nozzle. Concerning the tracer injection,
it was decided to simulate it as a continuous injection of the transported additional scalar into
the inlet nozzle #1, instead of following the entire time history of the injection. The defined
scalar assumes values in the range 0 to 1. The value 0 corresponds to absence of tracer, while
the value 1 represents the average normalized tracer concentration of the coolant entering
from the "perturbed" loop. The transported scalar will be referred to in the following as the
"mixing scalar". Almost all calculations were run as steady-state problems (i.e. taking
advance of the robust and efficient time-independent solver available in CFX), with the only
exception of one sensitivity calculation (see below).
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Definition of monitor points for target variables
The following target variables are considered for comparison purposes:

• the mixing scalar space distribution in the downcomer
• the mixing scalar space distribution at the core inlet
• the velocity space distribution in the downcomer

Monitor points have been defined in the simulation set-up in order to "extract" the calculated
values of the above variables.

A top view of the computational model is represented in Figure 3, in order to show the
position of the reference axis with respect to the nozzle; the perturbed nozzle is the inlet
number 4 and is indicated with a red arrow in the Figure.

Figure 3. Top view of the model

151 monitor points have been defined and located in the centre of each tube of the core inlet.
In Figure 4 the location of the monitor points is shown along with the adopted numbering. In
addition, 36 further monitor points have been defined in the downcomer, for the extraction
both of velocity and mixing scalar. The plane where the downcomer monitor points stay is
0.65 m far from the nozzle plane (see Figure 5).
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Figure 4. Monitor points at the core inlet
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Figure 5. Monitor points at the downcomer.

Hardware used and aspects related to parallelism
All the calculations performed by FZD have been run on a computer-cluster with the
following features:

• Operating system: Linux Scientific 64 bit
• 32 AMD Opteron Computer Nodes
• Node configuration: 2 x AMD Opteron 285 (2.6 GHz, dual-core), 8 GB Memory
• pvm protocol for message passing in parallel calculations

All the calculations performed by UNIPI have been run on a computer-cluster (available at
the DIMNP - San Piero a Grado Nuclear Research Group) with the following features:

• Operating system: Linux Red Hat Enterprise 4
• 8 dual-processor nodes - AMD Opteron 64 bit

563



• 32 GB RAM
• pvm protocol for message passing in parallel calculations

Either four or eight processors (out of the sixteen available) were used for the above
mentioned simulations.

CFD SIMULATION RESULTS - USE OF BEST PRACTICE GUIDELINES FOR E#6
Regarding the flow field and mixing in the downcomer, it has been shown that:

• A sharp sector formation like in western 4-loop reactors appears (the same had been
previously observed also in ROCOM experiments and simulations, Ref. [3]), the
perturbed sector is approximately 1/4 of total area of the downcomer region (Figure
6a).

• The flow field is inhomogeneous; in fact high velocity values occur beside the loop
positions, and not below the inlet nozzles (Figure 7a)

• The in-between velocity goes almost to 0 m/s, which indicates the presence of
recirculation areas or stagnant zones (Figure 7a)

• Four velocity maxima exist in the downcomer (Figure 7a)

Regarding the flow field and mixing at the core inlet, it has been shown that:
• The mass flow rate distribution is more or less homogenous over the core diameter

due to the lower plenum internals (Figure 7b)

• The perturbed sector is approximately 1/4 of total area at the core inlet region (see
Figure 8), a sector formation like in western 4-loop reactors appears

• Weak mixing zones appear (around 99.7% of the unperturbed concentration)

Sensitivity analysis on turbulence model

A number of different two-equation turbulence models are available in CFX, i.e. the classical
k-co and k-s models and more advanced versions which stem from them (see the CFX User
Guide, Ref. [12]). Two-equation models are very widely used, as they offer a good
compromise between numerical effort and computational accuracy. Both the velocity and
length scale are solved using separate transport equations (hence the term 'two-equation').
The two-equation models use the gradient diffusion hypothesis to relate the Reynolds stresses
to the mean velocity gradients and the turbulent viscosity. The turbulent viscosity is modeled
as the product of a turbulent velocity and turbulent length scale. In two-equation models, the
turbulence velocity scale is computed from the turbulent kinetic energy, which is provided
from the solution of its transport equation. An extensive discussion on turbulence models can
be found on Ref. [13]. The FZD and reference calculation was run using the Shear Stress
Transport (SST) model. For the "sensitivity" calculation (GPMF_FZD_turb_mod) the
baseline k-co (BSL) was used instead. The comparison of results is reported in Figures 6 and
7. No appreciable differences appear for the mixing scalar at the core inlet, while small
discrepancies appear in the downcomer mixing scalar and in the velocity profile.
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Sensitivity analysis on turbulence intensity at the inlet boundary condition
When turbulence equations are solved for, it is necessary to specify turbulent parameters as
inlet boundary conditions. For an easy set-up, CFX-Pre allows choosing among three
turbulence intensity levels, i.e. "low" (1%), "medium" (5%, the default value, recommended
by the CFX User Guide in case of absence of any information about the inlet turbulence, Ref.
[12]) and "high" (10%). The FZD and reference calculation was run using medium inlet
turbulence intensity; while for the "sensitivity" calculation (GPMF_FZD_turb_int) a high
intensity was used. The values of the mixing scalar at core inlet (Figure 6b) are nearly the
same for the two cases analyzed. Little discrepancies are visible in the downcomer mixing
scalar (6a) and velocity profile (7a).

Sensitivity analysis on outlet boundary condition
In almost all the simulations an outlet pressure-controlled boundary condition was imposed
(referred to in CFX simply as "outlet"). This is the most common choice when it is known a
priori that flow is directed out of the domain, and the direction is assumed to be normal to the
outlet boundary. Another possible choice consists in using the "opening" boundary condition,
which allows the fluid to cross the boundary surface in both directions. For sensitivity
analysis purposes, one simulation (GPMF_FZD_oulet_cond) was performed setting an
"opening" boundary condition. The compared values of the mixing scalar at the core inlet and
at the downcomer are reported in Figure 6. While no appreciable differences are evident in the
downcomer, some discrepancies appear for the mixing scalar at few individual channels.
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a) Mixing scalar in the downcomer
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b) Mixing scalar at the core inlet
Figure 6. Comparison of the mixing scalar at the downcomer and core inlet
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b) Velocity at the core inlet
Figure 7. Comparison of the velocity field at the downcomer and core inlet
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Outlet Opening

Figure 8. Comparison of the mixing scalar at the core inlet and at the RPV wall for
different outlet boundary conditions.

Mixing Scalar
(Domaui 1 Default)

Figure 9. Streamlines form inlet nozzle #4, and Mixing Scalar at the RPV wall (transient
calculation).

Sensitivity analysis on time-dependent solver
As described before, a "transient" calculation (GPMF_FZD_transient) has also been
performed by FZD. It was a 15 seconds transient with a time step of 0.1 s. A comparison of
the mixing scalar between the steady-state and the transient case is reported in Figure 6.
Streamlines from inlet nozzle #4, and the mixing scalar at the RPV wall are represented in
Figure 9. The velocity fields in the downcomer for the steady state and the transient case
(after 15 seconds) are compared in Figure 7a, where no relevant differences are revealed.

Sensitivity analysis on mesh size
The mixing scalar values at the core inlet and at the downcomer for both the reference mesh
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and the "fine mesh" are also compared in Figure 6, the velocity fields are compared in Figure
7. The mesh size appears to sensibly influence the flow field (which is a little smoothed in the
"fine grid" case"), as well as the mixing scalar distribution over the core inlet (although no
difference seems to exist from a qualitative point of view).

Maximum and averaged mixing scalar values
The maximum and the averaged values for the mixing scalar at the core inlet are reported in
Table 4, along with the relative error calculated with respect to the UNIPI reference case. In
almost all the cases analyzed the averaged value is approximately the same (differences less
that 0.5%), except for the finer mesh case (GPMF_FZD_mesh), with differences of-2.0% and
1.2% respectively. The maximum value varies from 0.970 (fine mesh) to 0.997 (FZD
reference case), thus it is always very close to the "unperturbed" value (i.e. 1). This means
that the presence of zones which are affected by almost no turbulent mixing is predicted by all
simulations, and that a grid refinement would probably lead to the prediction of a more
effective turbulent mixing.

Table 4. Maximum and averaged values for the mixing scalar at the core inlet.

ID

GPMF FZD mesh

GPMF FZD turb mod

liilllHiiiiiliiliiil
GPMF FZD transient

MAXIMUM

0.970

iiiiiisi
0.977

illiilSllt
0.988

% DIFF.
(w.r. to
GPMF01)
-2.41

liSIIIIii
-1.71

-0.60

AVERAGED

0.254
:::ft2:iteiilRiii
0251
Slliiliiili
0.252

% DIFF.
(w.r. to
GPMF01)
1.20

lililiiilii
0.00

lilliiiill!
0.40

SUMMARY

Scenarios are studied in the 1:5 scaled WER-1000 reactor model at OKB "Gidropress" in the
framework of a TACIS project: "Development of safety analysis capabilities for VVER-1000
transients involving spatial variations of coolant properties (temperature or boron
concentration) at core inlet". The CFD-Code used was ANSYS CFX. The geometric details of
the construction internals inside the RPV have a strong influence on the flow field and on the
mixing. Therefore, an exact representation of the inlet region, the spacer in the downcomer,
the elliptical perforated plate and the complicated structures in the lower plenum was
necessary. All parts of the lower plenum structures were modeled in detail. The computational
grid contained 6.5 Mio. hybrid elements. Sensitivity analyses were performed following
recommendations included in the ECORA Best Practice Guidelines. Regarding the flow field
and mixing in the downcomer, it has been shown that a sharp sector formation like in western
4-loop reactors appears (the same had been previously observed also in ROCOM experiments
and simulations), the flow field is inhomogeneous; in fact high velocity values occur beside
the loop positions, and not below the inlet nozzles, the in-between velocity goes almost to
zero, which indicates the presence of recirculation areas or stagnant zones. Regarding the flow
field and mixing at the core inlet, it has been shown that the mass flow rate distribution is
more or less homogenous over the core diameter due to the lower plenum internals, the
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perturbed sector covers more or less one fourth of the core; a sharp sector formation like in
western 4-loop reactors appears, weak mixing zones appear (around 99.7% of the unperturbed
concentration). In most cases, the sensitivity analyses performed did not show any appreciable
dependence of the results with respect to the addressed parameters.
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