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Abstract

The paper presents the results of an experimental study to investigate the coolant interaction in adjoining fuel assem-
blies in the VVER reactor core composed of TVSA-T and upgraded TVSA FAs. The processes of the in-core coolant
flow were simulated in a test wind tunnel. The experiments were conducted using models representing different por-
tions of the VVER reactor core fuel bundle and consisted in measuring the radial and axial airflow velocities in repre-
sentative areas within the FAs and in the interassembly space. The results of the experiments can be translated to the
full-scale conditions of the coolant flow with the use of the fluid dynamics simulation theory. The measurements were
performed using a five-channel pressure-tube probe. The coolant flow pattern in different portions of the fuel bundle is
represented by distribution diagrams and distribution maps for the radial and axial velocity vector components in the
representative areas of the models. An analysis for the spatial distribution of the radial and axial velocity vector com-
ponents has made it possible to obtain a detailed pattern of the coolant flow about the FA spacer, mixing and combined
spacer grids of different designs. The accumulated database for the coolant flow in FAs of different designs forms the
basis for the engineering justification of the VVER reactor core reliability and serviceability. The investigation results
for the coolant interaction in adjoining TVSA FAs of different designs have been adopted for the practical use at JSC
Afrikantov OKBM to estimate the heat-engineering reliability of the VVER reactor cores and have been included in
the database for verification of computational fluid dynamics (CFD) codes and detailed by-channel calculation codes.
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Intl'OdllCtIOIl al. 2013b) with fuel assemblies of a new modification

loaded as the replacement of the standard TVSA-T FAs.
Currently, the VVER reactor core at unit 2 of the Te- Both fuel assembly designs were developed by JSC Afri-
melin NPP has been partially refueled (Dmitriyev et kantov OKBM.
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Figure 1. TMs and fuel assembly grid belts: a) VVER core portion TM; b) TVSAY and TVSA-T SG belt; ¢) TVSA-T CSG belt; d)

TVSAY MG belt.

As compared with the TVSA-T fuel assemblies, the
key distinction of the upgraded TVSA assembly (TVSAY
hereinafter) is the use of separately installed mixing grids
(MG) which ensure that the coolant mixes more inten-
sively across the assembly, leading so to an improved per-
formance of the new FA (Borodin et al. 2006, Samoylov
et al. 2004, 2005, 2010, 2014, Dmitriyev et al. 2012a, b,
2013a,2014b, 2017).

Both FA types do not have jackets, so the coolant mix-
ing takes place not only in the fuel assembly but also be-
tween the adjoining FAs. One needs to take into account
this phenomenon when justifying the heat-engineering re-
liability of the core (Barinov et al. 2016), this calling for
integrated studies to be undertaken into the process of the
coolant mixing between the adjoining TVSAs of different
designs in the mixed VVER reactor core.

Test facility

The coolant flow in the core was modeled using a wind
tunnel test facility (Gerasimov et al. 2020, Samoylov et
al. 2019, Dmitriyev et al. 2014a, 2016, 2018, Varentsov
etal. 2012, 2015).

Test models (TM) were built reproducing geometri-
cally the structure in different axial areas of the VVER
reactor core fuel bundle. All TM components have been
proportionally increased by the geometrical similarity co-
efficient K,=44.

The test models included one segment of the TVSA-T
assembly, two segments of an upgraded TVSA assembly,
and the space between the assemblies (Fig. 1a).

The spacer grid (SG) (Fig. 1b) consists of triangular-
ly packed spring elements joined using a steel rim. The
TVSA-T combined spacer grid (CSG) (Fig. 1c) is fitted
with vortex generators arranged so that there is a flow
swirl around the fuel rod, the offset angle of the vortex
generators being 38°. The mixing grid (MG) (Fig. 1d) is
fitted with vortex generators with an offset angle of 30°
installed so that the flow is along the fuel rod rows. All
grids are fitted with shaped rim offset simulators.

Measuring system

A pressure-tube probe was used to measure the local hy-
drodynamic characteristics of the coolant flow. The sen-
sor is designed as five steel capillary tubes installed in
two mutually perpendicular planes. The resultant flow
pressure field, as shown by the dependencies obtained
from calibration tests, was converted to the flow direc-
tion and absolute velocity (Dmitriyev et al. 2015). The
probe is designed such that not to perturb the flow and
not to distort its direction. The error of determining the
velocity vector components does not exceed 7%. The sen-
sor readings were taken using a SAPHIR-22R pressure
transducer with the allowable base error limit of + 0.25%.

Investigation procedures

A representative area, consisting of a standard TVSA-T
assembly and two TVSAV assemblies, was identified in
the mixed core’s cross-section. Longitudinally, the core
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Figure 2. Grid arrangement in different portions of the TVSA fuel bundle: a) “lower” portion; b) “medium” portion; ¢) “upper” portion.

fuel bundle was divided into three typical axial portions
referred to, in accordance with the upward coolant flow
direction, as “lower”, “medium” and “upper”.

The “lower” portion of the fuel bundle starts from the
first identically arranged SGs of the fuel assemblies of
both types (Fig. 2a). The “medium” portion of the fuel
bundle starts from the first identically arranged CSGs and
SGs of the standard TVSA-T and the TVSAVY (Fig. 2b).
The “upper” portion starts from the first separately in-
stalled SG in the TVSAVY (Fig. 2¢).

Specific to the TM of the fuel bundle’s “lower” portion
is that the flow movement inlet conditions are symmet-
rical, that is, there are spacer grids of the same design
installed at the TM inlet for both TVSAs (see Fig. 2a).
The TM of the fuel bundle’s “medium” portion is distinct
in that the flow movement inlet conditions are asymmet-
rical, that is, a spacer grid and a combined spacer grid
are installed at the TM inlet, each for the respective fuel
assembly (Fig. 2b). Specific to the TM of the fuel bundle’s
“upper” portion, apart from the spacer grid and the com-
bined spacer grid installed at the TM inlet, is that there are
separately installed mixing grids (see Fig. 2c).

The test procedure was as follows.

1. Representative TM cross-section areas, found in the
gap between two adjoining TVSAs and in the gaps
between fuel rods in each of the fuel assemblies,
were selected to investigate the interassembly cool-
ant mixing process (Fig. 3).

. The representative TM cross-section areas were
broken down into a particular number of measur-
ing zones each of which had the flow pressure fields
measured in representative sections along the TM
using a pressure-tube probe. The airflow pressure
field measuring regions across the TM are shown by
a dotted line (see Fig. 2). The resultant distribution

of pressures was then converted in the velocity pro-
jection on the coordinate axes x, y, z, and averaged
over the gaps between the fuel rods and the interas-
sembly space (see Fig. 3).

fuel rod row 1 L.

Interassembly space —

fuel rod row 1 —»'

Figure 3. Arrangement of representative gaps in the TM
cross-section.

3. The obtained data was used to plot distribution dia-
grams of the velocity vector components and distri-
bution maps of the TM cross-section axial velocity.

. The rationale for the representative status of the test
facility experimental investigation into the coolant
flow current upstream of the intensifier grids was
provided in (Samoylov et al. 2004, 2014, Dmitriyev
et al. 2012b).

The experimental study was conducted at a constant
average rate velocity of the airflow at the TM inlet; this
parameters has an equal value for each of the models and
amounts to W, = 27.5 m/s. The Reynolds number, with
which the experiments were undertaken, was equal to
78000. The temperature range of the airflow during the
investigation was 23 to 25 °C.
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Results of the interassembly
coolant mixing investigations

An analysis of the experimental investigation results has
made it possible to identify general flow current regularities.

1. The transverse coolant flows in all fuel bundles por-
tions are of a similar nature and show the following
distribution of the transverse flows: when flowing
around the CSG installed in the TVSA-T, the trans-
verse flow moves into the TVSAY, and upstream
of the SG and the MG installed in the TVSAVY the
transverse flow is directed into the TVSA-T. The so
formed flows have a major impact on the coolant
movement in the neighboring fuel assemblies.

2. The following was observed in the interassembly
space:

a) the transverse velocity values for the flow around
the CSG and the SG are close and make (Wy/ W)
= 0.3 in the fuel bundle’s “medium” portion and
(Wy/ W ) = 0.25 in the “lower” portion (Fig. 4);
in the “upper” portion of the fuel bundle the
transverse velocity values for the flow around the
CSG and the SG are close and make (W /W, ) =
0.2, this being somewhat less than in the other
test portions (see Fig. 4);
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Figure 4. Distribution of the transverse velocity in the interas-
sembly space (W, =27.5 m/s, Re = 78000).

b) upstream of the MG installed in the fuel bundle’s
“upper” portion, the transverse flow moves into
the TVSA-T, the velocity value being (W/W, ) =
0.25. This phenomenon is typical only of the in-
terassembly space and is not observed in the fuel
bundle (Fig. 6).

3. The following is observed in the first fuel rod row
in each of the fuel assemblies adjoining the interas-
sembly space:

a) for the flow around the CSG and the SG in the
fuel bundle’s “lower” portion, the transverse ve-
locity values are equal and make (Wy/ w)=04
(see Fig. 5);

b) the greatest transverse velocity value is observed
for the flow around the CSG in the fuel bundle’s
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Figure 5. Distribution of the transverse velocity in the first rows
of the TVSA fuel elements (W, = 27.5 m/s, Re = 78000).
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Figure 6. Distribution of the transverse velocity in the second

rows of the TVSA fuel elements (W, = 27.5 m/s, Re = 78000).

“medium” portion, the transverse velocity value
being (Wy/ W _)=0.5, and for the flow around the
SG the transverse velocity has a close value of
(Wy/Wav) =0.45 (see Fig. 5);

¢) for the flow around the CSG in the fuel bundle’s
“upper” portion the transverse velocity value is
( Wy/ W) =0.47, and the transverse velocity for
the flow around the SG has a value of (Wy/ W)=
0.4 (see Fig. 5);

d) for the coolant moving through the fuel bundle’s
“lower” and “medium” portions the transverse
velocity value grows, namely, the transverse
velocity values (W/W, ) for the flow around the
CSG and the SG in the “medium” portion are re-
spectively 20% and 10% as high as for the flow
around the grids in the “lower” portion (see Fig.
5). The transverse velocity value in the fuel bun-
dle’s “upper” portion (Wy/ W) is close to the ve-
locity values in the “medium” portion.

4. An analysis of the coolant tangential velocity dis-
tribution across the fuel assemblies has shown the
following:

a) the regularities of the transverse coolant flow
distribution along the tested fuel bundle por-
tions, which are typical of the fuel rod row ad-
joining the interassembly space, apply to the rod
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rows in each of the TVSAs that come next; the
distribution of the coolant flow tangential ve-
locities across the TM is limited to the 3™ or 4"
row in each of the assemblies, depending on the
portion tested;

b) beginning with the second fuel rod row, the trans-
verse velocity value (W/W, ) for the flow around
the grids of different designs decreases by a fac-
tor of two for all of the tested portions (see Figs 5
and 6);

¢) in the “medium” portion of the fuel bundle the
distribution depth of the transverse coolant flows
across the adjoining fuel assemblies is equal and
is limited to four fuel rod rows, the coolant tur-
bulent movement being observed beginning with
row 5, and the transverse velocity being (W/W)
~(0.1-0.05); ’

d) in the fuel bundle’s “lower” and “upper” portions
the distribution of the transverse coolant flows
across the TVSA is limited to three fuel rod rows,
the coolant turbulent movement being observed
beginning with row 4, and the transverse velocity
being equal to (Wy/ W)= (0.1-0.05).

5. The maximum value of the axial flow velocity in
the test portions of the fuel bundle is shown in the
region of the three fuel rod rows, which are near
the interassembly space at the time the CSG and
SG belts are flown around, and is equal to (W /W)
~1.45.

6. Due to the CSG and the SG differing hydraulically,
the coolant flow rate distribution between the neigh-
boring fuel assemblies becomes highly heteroge-
neous. The maximum difference in the coolant flow
rate between the neighboring assemblies is 38% be-
ing observed in the fuel bundle’s medium portion
and caused by the greatest transverse flow intensity
in this fuel bundle portion.
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