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Abstract

In this paper, we present numerical results obtained with the multifield CFD code
NEPTUNE CFD in the framework of the OECD/NRC PWR Subchannel and Bundle Tests
(PSBT) international benchmark, focusing on the simulation of five selected runs of the steady-
state subchannel exercise. The propagation of the estimated experimental uncertainties on the
simulations results is investigated, as well as the mesh sensitivity of the axial evolution of the
mean void-fraction by using three grid levels. Last, calculation results using a devoted model for
the bubble-size distribution are presented.

1. Introduction

The OECD/NRC PWR Subchannel and Bundle Tests (PSBT) benchmark is an international
project endorsed by the OECD/NEA and supported by US NRC and METI (Japan), in which a
large experimental database of void-fraction measurements performed under PWR thermal-
hydraulic conditions in different geometric configurations (different types of isolated
subchannels or rod bundle) has been made available to the participants. One of the purposes of
this benchmark is to provide experimental data that can be used for the validation of numerical
models of void-fraction distribution over a wide range of operating conditions, and for the
development of novel approaches.

This paper aims at presenting the simulations carried out with the multifield computational fluid
dynamics (CFD) code NEPTUNE CFD [1] for one of the exercises of this benchmark, namely
the steady-state single subchannel. For this exercise, three main results are asked from the
participants:

* anumerical calculation of the cross-section void fraction at a given elevation,

¢ a 2D view of the void-fraction distribution in this section,

* the evolution of the cross-section averaged void-fraction with respect to the elevation.

Following the NEA/CSNI Best Practice Guidelines, a mesh sensitivity analysis is performed on
three grid refinements, and the influence of the experimental uncertainties on the numerical
results is assessed. As a first step, the standard set of parameters of the code is applied, with in
particular the use of a second-order (Reynolds stress) turbulence model, as well as a constant,
predetermined bubble diameter. The impact of a more detailed description of the bubble-size
distribution is also presented.
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1.1 Main features of the NEPTUNE_CFD code

NEPTUNE CFD is a 3D, multifield CFD code developed in the framework of the NEPTUNE
project, financially supported by CEA (Commissariat a 1’Energie Atomique et aux Energies
Alternatives), EDF, IRSN (Institut de Radioprotection et de Sireté Nucléaire) and AREVA-NP.
It is mainly devoted to the study and the simulation of nuclear reactor applications involving
multiphase flows, such as two-phase Pressurized Thermal Shock (PTS) and Departure from
Nucleate Boiling (DNB) applications. The need to simulate PTS applications have led in
particular to the development and the numerical implementation of specific methods of interface
detection for free surface flows [2].

The code follows the classical multifield one-pressure formulation [3], and the spatial
discretization is a full unstructured finite-volume approach with a collocated arrangement of all-
variables. The numerical algorithm used is a semi-implicit, pressure-based method where the
system of equations is solved in two major fractional steps: first, a prediction of the velocities
based on the momentum equations; then, the coupling between phase fraction, pressure and
energy through mass and energy equations and a simplified form of momentum equations [4].

2. Experimental configuration of the steady-state subchannel exercise

The test facility of the steady-state subchannel exercise represents one of the subchannel types
found in PWR assembly. The effective heated length is 1.555 m, while the measurement of the
void fraction takes place at 1.4 m from the bottom of the heated section. The void fraction is
measured by using the chromo-tomography (CT) technique, which also gives the local
distribution of the time-averaged void-fraction at the measuring section.

After discussion between participants of the PSBT benchmark who intended to simulate the
exercises by following a CFD approach, five runs have been selected to be more precisely
analysed:
* the run whose operating conditions are the closest to PWR normal conditions
(reference 1.2211),
* two runs with a higher inlet temperature and a relatively low wall heat flux
(references 1.2223 and 1.2237),
* two runs differing only by the value of the inlet temperature (references 1.4325 and
1.4326), with a lower heat flux and a lower pressure than run 1.2211.

The value of the controlling parameters of the runs and the cross-section averaged void-fraction
measurements are summarized in Table 1. Furthermore, the estimated uncertainties on the flow
parameters and on the void fraction measurement provided by the experimentalists are given in
Table 2. It can be observed that the 1.2211 test is the only selected run in subcooled conditions
(with a negative thermal equilibrium quality at the measuring section).
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Reference of the run 1.2211 1.2223 1.2237 1.4325 1.4326
Outlet pressure (bar) 147.2 147.2 147.4 98.4 98.2
Inlet temperature (°C) 295.4 319.6 329.6 253.8 268.8
Inlet mass flow rate (kg/m?/s) 3030.6 | 3030.6 3036.1 1397.2 1394.4
Wall heat flux (kW) 90 69.8 60 59.8 59.8
Equilibrium quality -0.04 0.04 0.08 0.05 0.11
Averaged void fraction 0.04 0.31 0.44 0.34 0.53
Averaged fluid density (kg/m®) 610 456 390 478 353

Table 1 Summary of the characteristics of the 5 selected test-cases. In bolded font, the run whose conditions
are the closest of the PWR conditions.

Estimated experimental uncertainties
Pressure 1%
Inlet temperature 1°C
Mass flow rate 1.5%
Wall heat flux 1%
Averaged void fraction (10) 0.03 (CT measurement)

Table 2 Summary of the estimated experimental uncertainties on the controlling parameters of the test-case
and on the measured void fraction.

3. Physical modelling

The turbulence of the liquid phase is modelled using a second-order, RANS model (Reynolds
Stress Model) [5] including bubble-induced turbulence effects, whereas a turbulent dispersion
model is applied on the gas phase [6]. The interfacial transfer of momentum is considered as the
sum of different contributions, namely the drag force (modelled by using the correlation
developed by Ishii [7]), the added mass force (by using the expression of Zuber [8]) and the
formulation of the lift force proposed by Tomiyama [9]. As a general feature of the
NEPTUNE CFD code, no flow-regime map is used, as the flow is regarded as bubbly. No
parameter-tuning with respect to the experimental results has been attempted.

At the heating wall, the heat transfer model is an extension of the approach of Kurul ez al.[10]
(often referred to as the RPI model) consisting in splitting the heat flux into three terms: one
heating the liquid phase in contact with the wall, one responsible for the bubble generation and
the last one arising from the arrival of liquid water at the wall, caused by bubble departure (the
so-called “quenching” flux) . When the void fraction in the boundary cells is sufficiently high, a
fourth flux is introduced to take into account the convective heat transfer transmitted to the
vapour.

For the first series of calculations, a constant diameter for the bubbles has been taken equal to
0.3 mm, based on previous experimental observations carried out in PWR conditions [11]. It can
be thus expected for this modelling choice to behave more satisfactorily for runs with a relatively
low void-fraction (i. e. where coalescence and fragmentation phenomena can be neglected). As a
second step, the influence of a more refined description of the bubble-size distribution has been
studied by performing simulations using the interfacial area model of Yao & Morel [13], which
has been validated in PWR conditions in a vertical duct geometry.
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4. Computational strategy

4.1 Time convergence

In order to reach the steady state, a transient algorithm is used in NEPTUNE CFD. The time step
chosen is time-dependent, with a maximal CFL number set to 1 for stability reasons and
convergence of the iterative numerical algorithm.

4.2 Characteristics of the grids

Following the NEA/CSNI Best Practice Guidelines, three grids with different refinements have
been used for this study. Their main features are recapitulated in Table 3; cross-section views of
the grids are proposed in Figure 1 to Figure 3. The normalized wall-normal distance of the
boundary-cells centres ranges from approximately 75 (run 1.4326, grid level 3) to approximately
320 (run 1.2211, grid level 1), supporting the use of a high-Reynolds formulation of a second-
order RANS turbulence model.

Grid level 1 | Grid level 2 | Grid level 3
Total number of cells 154,812 602,040 1,561,152
Number of cells in the axial direction 400 520 520
Number of cells in a cross-section 388 1160 3008
Cell size in the axial direction 4 mm 3 mm 3 mm
Distance-to-wall of the centres of the boundary cells 0.25 mm 0.15 mm 0.1 mm

Table 3 Characteristics of the grids used in the simulations.

It can be seen that the refinement factor from grid level 1 to grid level 3 is approximately equal
to 3 following two perpendiculars belonging to a cross-section, and 1.3 in the axial direction.
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Figure 1 Cross-section view of grid level 1. Figure 2 Cross-section view of grid level 2.
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Figure 3 Cross-section view of grid level 3.

4.3 Boundary and initial conditions

The profiles of the inlet velocities and turbulent variables (Reynolds stresses and mean
dissipation) have been calculated before-hand through devoted calculations, so as to get
developed flow profiles.

The procedure followed for these calculations amounts to calculating a case without thermal
power in an infinite channel of the same cross section; and then selecting the profiles of the
variables where they do not vary anymore. The initial conditions on the velocities, the
temperature and the turbulent variables are taken equal to the inlet conditions.

5. Results obtained and discussions

5.1 Mesh sensitivity analysis

The calculations have been carried out on 64 or 128 processors on a EDF R&D cluster
(Xeon X5570 2.93 GHz Infiniband). The time to reach the steady state represents approximately
2 seconds of “physical” time. First, calculations were run under nominal conditions on the three
grid levels to investigate the grid sensitivity of the results. The values of the cross-section
averaged void fraction at the 1.40-meter section are summarized in Table 4.

1.2211 1.2223 1.2237 1.4325 1.4326
Exp. values 0.04 0.31 0.44 0.34 0.53
Grid level 1 0.09 0.25 0.35 0.45 0.61
Grid level 2 0.10 0.26 0.36 0.42 0.60
Grid level 3 0.11 0.26 0.36 0.40 0.61

Table 4 Summary of the cross-section averaged void fraction obtained on the three grid levels.
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It can be observed that simulations performed on grid level 1 give void-fraction values
reasonably close to those obtained on grid level 3; the most significant discrepancy (0.45 against
0.40) being obtained for run 1.4325.

5.2 Results at the measuring section

Concerning the comparison with the experimental value (for grid level 3):
e forrun 1.2211 (subcooled), the simulations overestimate the void-fraction by 0.07;
e for runs 1.2223 and runs 1.2237 (high inlet temperature and low wall heat flux), the
simulations underestimate the experimental void-fraction by 0.05 to 0.09;
e for runs 1.4325 and 1.4326 (low pressure), the void-fraction is overestimated by 0.05 to
0.08.

On average, the deviation between numerical results and experimental data is then of the order of
0.06 void-fraction units; and consequently more visible on the subcooled run (1.2211).

5.3 Axial evolution of the flow

The axial evolution of the cross-section averaged void-fraction for the five runs are presented in
Table 5, as well as the axial evolution of the wall temperature at a given location of a heating
wall (see Figure 4), for the calculations performed on grid level 2.

It can be seen that for every run (except the subcooled run 1.2211), vapour is generated right
from the start of the heated section. Furthermore, concerning runs 1.2223, 1.2237 and 1.4325, a
change of the slope in the evolution of the mean void fraction is visible, respectively for an
elevation approximately equal to 0.9 m, 0.55m and 0.9 m. This change occurs at the same
elevation as an increase of the wall temperature, indicating the beginning of the fully-developed
sub-cooled boiling (FDB) [12].

For run 1.4326 (with the highest predicted and experimental void fraction), different regimes are
observed:

* from the bottom of the sub-channel to approximately 0.5 m, the mean void fraction is
rising slowly, corresponding to the partial sub-cooled boiling regime ;

* from 0.5 m up, the void-fraction rises more rapidly, corresponding to the FDB regime.
The evolution of the liquid temperature and of the saturation temperature is plotted in
Figure 10, making it possible to locate the beginning of the saturated boiling regime at an
elevation equal to 1.3 m;

* finally, for the last 5 cm of the domain, the wall temperature jumps from 605 K to 665 K:
in this region, the calculated near-wall void-fraction exceeds 0.8, which is the threshold
value used in the code to switch continuously from the nucleate boiling to a pseudo-film
boiling. In this model, the totality of the imposed heat flux is transferred to the vapour
(rising its temperature above saturation), therefore bringing about a drop of the heat
transfer coefficient. Let us note that this model is not yet considered as validated.
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Figure 4 position of the probe monitoring the axial

evolution of the wall temperature.
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Table S Evolution of the cross-section averaged void-fraction
with respect to the elevation for the five selected runs.
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Figure 10 Calculated evolution of the liquid temperature and the saturation temperature
for run 1.4326 (grid level 2) as a function of elevation.

5.4 Propagation of the experimental uncertainties

As the estimated uncertainties on the controlling parameters of the flow are provided (see
Table 2), it is interesting to analyse the effects of these uncertainties on the simulations. For this
purpose, a series of calculations have been performed, in which one of the controlling parameters
is taken equal to its nominal values plus or minus the value of the relative uncertainties, the other
parameters remaining fixed to the nominal values. This procedure makes it possible to study the
effect of one uncertainty independently from the others. In order to keep a reasonable time-to-
result, the coarsest grid has been used (grid level 1). The results obtained for the void fraction are
recapitulated in Table 6.

1.2211 1.2223 1.2237 1.4325 1.4326
Experimental values 0.04 0.31 0.44 0.34 0.53
Nominal calc. values 0.09 0.25 0.35 0.45 0.61
Pressure + 1% 0.082 0.235 0.337 0.441 0.603
Pressure — 1% 0.097 0.274 0.378 0.467 0.624
Inlet Temp. + 1 K 0.096 0.272 0.377 0.466 0.623
Inlet Temp. - 1 K 0.083 0.236 0.337 0.442 0.604
Mass flow rate + 1.5% 0.084 0.245 0.35 0.438 0.602
Mass flow rate — 1.5% 0.096 0.263 0.365 0.469 0.623
Wall heat flux + 1% 0.094 0.26 0.362 0.464 0.621
Wall heat flux — 1% 0.085 0.248 0.352 0.443 0.606

Table 6 Effects on the experimental uncertainties on the simulations.

These series of calculations show that for a relatively small variation of any parameter, the result
on the averaged void-fraction is modified by approximately 0.01, whatever its absolute value.
Consequently, the relative impact on the void-fraction value of a single parameter variation is
more visible on the subcooled case (approximately 10%), i. e. the run that shows the lowest void-
fraction value. Then, two additional series of calculations have been carried out: for each series,
the set of parameters expected to give the highest or the lowest value of the averaged void-
fraction has been chosen. The results obtained are reported in Table 7.
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1.2211 1.2223 1.2237 1.4325 1.4326

Experimental values 0.04 0.31 0.44 0.34 0.53
Nominal calc. values 0.09 0.25 0.35 0.45 0.61
Pressure — 1%

Inlet Temp. + 1 K

Mass flow rate — 1.5% 0.126 0.31 0.40 0.50 0.65
Wall heat flux + 1%

Pressure + 1%

Inlet Temp. - 1 K 0.078 0.20 0.30 0.40 0.58

Mass flow rate + 1.5%
Wall heat flux - 1%

Table 7 Calculated values of the cross-averaged void fraction with two sets of parameters.

These simulations show that taking the two “opposite” sets of parameters give numerical results
that may span on a range quite wide: for instance, for run 1.4325, void-fraction value varies on a
0.1-wide interval, representing approximately 20% of the nominal value. The impact is more
visible for run 1.2211, where a calculated 0.05-wide variation represents 50% of the nominal
value.

5.5 Effect of a more refined description of bubble size distribution

The calculations presented so far have been obtained by using a constant and uniform pre-
determined bubble diameter equal to 0.3 mm. As a second step, simulations have been run using
a dedicated model for the bubble-size distribution, namely the Yao & Morel model [13],
performed on grid level 2 for run 1.4325. The local distribution of the Sauter diameter of the
bubbles in a cross-section is represented in Figure 11, and the profiles of this variables along two
directions are shown in Figure 12.

Direction 2

Direction 1

Bubble diameter

7.500e-04
X 6.750e-04
6.000e-04
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4.500e-04

Figure 11 Local distribution of the bubble Sauter diameter at the measuring section (1.40 m from the inlet),
using the Yao & Morel model for run 1.4325 on grid level 2.
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Figure 13 Axial evolution of the mean void-fraction
for run 1.4325.

In this calculation, the bubble diameter ranges approximately from 0.4 mm to 0.7 mm, the largest
bubbles being found in the central region of the domain. It suggests that the choice of a constant
diameter of 0.3 mm for the first simulations may have been an underestimation of this parameter
for this run. However, the axial evolution of the mean void-fraction plotted in Figure 13 is only
slightly impacted by the use of this specific model.

6. Concluding remarks

In this paper, we reported simulations with the multifield CFD code NEPTUNE CFD in the
framework of the first exercise of the OECD NRC PSBT benchmark, which were carried out on
a centred, isolated sub-channel geometry and were compared to experimental data. No
parameter-tuning of the models applied have been attempted. In nominal conditions, the
discrepancy between calculated and experimental mean void-fraction at the measurement section
is on average of the order of +0.05 void-fraction units.

Following the NEA/CSNI Best Practice Guidelines, the impact of the grid on the axial evolution
of the mean void-fraction have been investigated by using three grid levels. Furthermore, a
study of the numerical propagation of the experimental uncertainties has been carried out,
providing an envelope of calculated void-fraction varying from 0.05 to 0.1 around the mean
value. This sensitivity analysis could be deepened by sampling all input parameters together, in
order to study the coupling between these parameters.

Last, a model allowing to simulate the dispersion in size of the bubbles has been applied for a
high void-fraction run, which impacted only slightly the axial evolution of the mean void
fraction. As a possible continuation of this work, it would be interesting to further investigate the
dependency of the results on the bubble diameter by testing more refined interfacial area models
available in NEPTUNE CFD, and performing as sensitivity study on the bubble size with the
fixed bubble-size model.
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