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ABSTRACT

Spargers are mutli-hole injection pipes used in Boiling Water Reactors (BWR) and Advanced Pressurized
(AP) reactors to condense steam in large water pools. A steam injection induces heat, momentum and
mass sources that depend on the steam injection conditions and can result in thermal stratification or
mixing of the pool. Thermal stratification reduces the steam condensation capacity of the pool, increases
the pool surface temperature and thus the containment pressure. Development of models with predictive
capabilities requires the understanding of basic phenomena that govern the behavior of the complex
multi-scale system. The goals of this work are (i) to analyze and interpret the experiments on steam
injection into a pool through spargers performed in the large-scale facilities of PPOOLEX and PANDA,
and (ii) to discuss possible modelling approaches for the observed phenomena. A scaling approach was
developed to address the most important physical phenomena and regimes relevant to prototypic plant
conditions. The focus of the tests was on the low steam mass flux and oscillatory bubble condensation
regimes, which are expected during a long-term steam injection transient, e.g. in the case of a Station
Black Out (SBO). Exploratory tests were also done for chugging and stable jet conditions. The results
showed a similar behavior in PPOOLEX and PANDA in terms of jet induced by steam condensation,
pool stratification, and development of hot layer and erosion of the cold one. A correlation using the
Richardson number is proposed to model the erosion rate of the cold layer as a function of the pool
dimensions and steam injection conditions.
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HIGHLIGHTS

e Pool stratification and mixing phenomena studied in different scale facilities

e Formation of hot and cold layers at low steam injections through spargers

e New Richardson number based correlation for the erosion rate of the cold layer
e Multi-hole steam injection induced self-similar downward inclined jets

e Chugging is suppressed at pool temperatures higher than 65 °C
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0 Jet centerline

1 Inside the sparger

2 Injection holes outlet

c Cold layer

crit Critical flow conditions

E Energy

exp Experimental

h Hot layer

i Injection holes, tensor index
L Liquid

M Mass

D Pool

P Momentum

r Rings of holes in the sparger
S Steam, shear

sf  Shear-free

sp  Sparger

tc  Thermocline

th  Theoretical

o  Downstream of location 2
~ Non-dimensional quantity
Acronyms

ADS Automatic Depressurization System

AP Advanced Pressurized

BWR  Boling Water Reactor

CFD Computational Fluid Dynamics

DCC Direct Contact Condensation

EHS/EMS Effective Heat/Momentum Source

FFT Fast Fourier Transform

IRWST In-containment Refuelling Water Storage Tank

LES Large-Eddy Simulation

LRR Load Reduction Ring

PIV Particle Image Velocimetry

PSP Pressure Suppression Pool

RANS  Reynolds-Averaged Navier-Stokes

SBO Station Black-Out

SRV Safety Relief Valve

TC ThermoCouple

1. INTRODUCTION

Steam condensation in a large water pool is used in some designs of light water reactors to prevent
containment over-pressure [1]. In Boiling Water Reactors (BWR) this pool is known as the Pressure



Suppression Pool (PSP), whereas in Generation |1l reactors such as the AP1000 and APR1400 the pool is
known as the In-containment Refuelling Water Storage Tank (IRWST). In a BWR, steam can be injected
into the PSP (in case of loss of coolant accident) through large diameter blowdown pipes connected to the
drywell, or small-dimeter multi-hole spargers used for controlled depressurization of the primary coolant
circuit.

The development of thermal stratification in the pool is of safety concern since it leads to higher pool
surface temperatures, and thus higher containment pressures, compared with completely mixed pool
conditions. An example of such behavior can be observed in the Fukushima Daiichi Unit 3 accident,
during the operation of the Reactor Core Isolation Condenser (RCIC) [2, 3]. Lumped parameter codes
under-estimated the maximum pressure by about 160 kPa when assuming mixed pool conditions, whereas
a much better agreement was obtained assuming pool stratification [4].

To enable prediction of thermal stratification and mixing induced by steam injection into a subcooled
pool, Li & Kudinov (2010) [5] introduced the concepts of the Effective Heat Source (EHS) and Effective
Momentum Source (EMS) models. The premise of these models is that due to the difference in spatial and
time scales between direct contact condensation (DCC) phenomena and large pool behavior, only the
integral effects of the DCC phenomena on the pool should be modeled. These effects are defined as heat
and momentum sources, which determine the large-scale pool circulation and temperature distribution.

Experimental data is necessary to understand which characteristics of small-scale phenomena affect the
effective heat and momentum sources. For example, analysis of the PPOOLEX experiments with
blowdown pipes showed that the momentum source induced by chugging regime can be determined by
the frequency and amplitude of the liquid level oscillations inside the pipe using a synthetic jet model [6,
7]. Further development of the models was done to scale the frequency and amplitude, allowing the code
to predict the momentum source based on the time dependent injection conditions and geometry of the
system [8]. Validation of the EHS/EMS models against a large set of experiments performed in the
PPOOLEX facility showed very good agreement with the pool temperature and containment pressures [9,
10].

In this paper, we address a set of conditions and respective phenomena related to a steam injection
through spargers and its effect on the pool, e.g. compared to the previous analysis done for blowdown
pipes, we consider smaller injection holes, the multi-hole injection parallel to the thermocline, etc.

Previous experiments on single-hole steam injection showed that the most important variables
determining the steam condensation regime are the steam mass flux, pool subcooling, and injection hole
diameter [11]. Based on these variables, correlations were proposed for the penetration length, heat
transfer coefficient, pressure pulses, etc. [12, 13]. Condensation regime maps for sonic and sub-sonic
steam injections were proposed by Wu et al. [14] and Chan & Lee [15], respectively. Other regime maps
such as the ones from Aya & Nariai [16] included the effect of a drywell.

The effect of steam injections through a single-hole sparger into a water pool were studied in [17, 18]
using small-scale facilities. Thermal stratification was reported at conditions relevant to RCIC injection in
a BWR. In [17], the pressure in the wetwell gas space was observed to have an effect on the development
of stratification, being stronger in the pressurized cases.

The possibility of thermal stratification development was further confirmed in [19] using a multi-hole
sparger injection through a scaled down IRWST sparger of the AP1000. Similar to [18], the Richardson
number (ratio between buoyant and inertia forces) was found to determine the transition between
stratification and mixing of the pool. Vertical spargers were used in [20] to obtain data for further



development of the steam condensation region approach proposed in [21], validated against complete
mixing transients.

The chugging regime was studied experimentally by Gregu et al. in [22], where different modes of
condensation were identified and classified in a regime map. Thermal stratification and mixing during the
chugging regime in blowdown pipes were also studied by Laine et al. in [23]. The data from these
experiments was used for the development and validation of the EHS/EMS models [6, 7, 8, 9, 10].

A notable work was done by Fernando et al. [24, 25] describing the different mechanisms which can
erode a stable stratified layer. Fernando et al. [26] and other researchers [27, 28] also demonstrated that
the bulk Richardson number can be used to determine the erosion mode and, most importantly, the
erosion velocity. Previous pool analysis with the Richardson number were mainly focused on the
boundary between mixing and stratification [19, 29], whereas the results from [26] allow predicting the
transition between these states.

Even though important separate phenomena related to spargers and pool are addressed in the literature,
most of the experiments do not address the effect of steam injection conditions on the pool response.

Model development and validation for safety analysis require (i) separate effect tests that address key
phenomenon separately to enable model calibration; (ii) integral effect tests with gradually increasing
number of interplaying phenomena to enable code validation. Prototypic scenarios are considered in the
selection of the relevant conditions and regimes that should be provided in the design of the separate and
integral effect tests. Yet, reproducing an accident scenario is not a goal since the test results cannot be
scaled-up directly in a general case.

The goals of this work are (i) to analyze and interpret the experimental results from the pool test with
sparger performed in the PPOOLEX (LUT, Finland) [30] and PANDA (PSI, Switzerland) [31] facilities
and (ii) to discuss possible modelling approaches for the observed phenomena. The tests were designed to
investigate the large-scale temperature and velocity fields induced by the steam injection, which can be
used to develop and validate EHS/EMS modelling approaches implemented in CFD. Micro-scale
phenomena related to bubble or jet dynamics requires smaller-scale facilities, such as the Separate Effect
Facility (SEF) built at LUT, Finland, which is a subject of the future work.

2. SCALING OF THE PPOOLEX AND PANDA EXPERIMENTS WITH SPARGER

The PPOOLEX and PANDA facilities were originally designed to study the containment thermal-
hydraulics of a BWR and a European Simplified BWR (ESBWR) respectively. PPOOLEX consists of a
single stainless steel vessel divided into a drywell and wetwell, and a steam generator of 1 MW capacity.
PANDA is divided into 2 drywells and 2 wetwell vessels, and has a steam generator of 1.5 MW. The
wetwell vessel of the PANDA facility has roughly double the height and diameter compared with the
PPOOLEX facility (Figure 1).

The sparger experiments were scaled to preserve ranges of parameters and regimes that determine most
important physical phenomena appearing in plant scale. Since not all phenomena can be preserved
simultaneously in a large, but still reduced scale facility such as PPOOLEX or PANDA, the experimental
data cannot be directly extrapolated to plant conditions. Instead, it will be used for analysis of the physical
phenomena and code development, which, once validated, can be applied to predict plant behavior.

The roadmap to scaling proposed by D'Auria & Galassi [32] was followed in the design of the tests. The
BWR Mark Il plant, and the Station Black Out (SBO) scenario with steam discharge into the suppression
pool through 32 spargers were considered. Simulations of such scenario were done with the GOTHIC



code [33], and the results are presented in Table 1. At 500 s, the steam mass flux at the injection holes is
~200 kg/(m?s), indicating that sub-sonic condensation regimes are expected during most of the transient.
The phenomena of safety importance are the development of thermal stratification and the time needed to
restore the complete pressure suppression capacity of the pool by slow erosion or fast mixing of the
stratified layers.
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Figure 1: Over-view of the pool test sections in (a) PPOOLEX and (b) PANDA facilities during the
experiments with sparger.

ABB-Atom design of spargers for BWR Mark-Il and Ill plants was considered in the scaling process:
upper ring of downward facing holes, known as the Load Reduction Ring (LRR), and radially outwards
holes at the sparger head [20]. Other designs, such as the BWR Mark | by General Electric [34] and
AP1000 by Westinghouse [19], use T-quenchers, which inject steam through horizontal sections of the
sparger pipes with a wide range of injection hole diameters.

Table 1: Steam injection conditions during a BWR transient where 8 safety relief valves are activated and

kept open.
Time after Steam pressure at | Steam mass flow Steam mass flux Steam mass flux
SRVs pressu through sparger through injection holes
A the sparger inlet | through all spargers LN .
activation pipe
300 s 400 kPa 140 kg/s 250 kg/(m?s) 430 kg/(m?s)
500 s 240 kPa 66 kg/s 115 kg/(m?s) 200 kg/(m?s)
10000 s 190 kPa 20 kg/s 35 kg/(m?s) 60 kg/(m?s)

2 Assuming a total of 32 spargers, each with a pipe diameter of 150 mm and an injection hole area of
10100 mm?

Once the plant design and transient are selected, the experimental design and conditions can be defined to
study relevant phenomena at the macro, meso, and micro scales. According to [32] the macro scales are
best preserved when using a full-length and time-preserving facility. This could not be achieved due to
geometrical and power constraints of PPOOLEX and PANDA. Nevertheless, the maximum possible pool
depth was used, and characteristic time scale ratios of mass, momentum, and energy of the steam injected
into the pool [21] were preserved. In the micro scale, Li et al. [35] and Sonin [36] emphasize that two-
phase flow phenomena occurring at the steam jets cannot be properly scaled. Therefore, the dimensions of




the injection holes, mass flux, and thermo-physical properties of the fluids were kept as close as possible
to the prototypic ones. Further details of the design parameters selected for the macro, meso, and micro
scales are given below. The final design of the PPOOLEX and PANDA spargers are presented in Figure 2
and Table 3.

Macro scale (water pool): to preserve typical ratios of spatial and temporal scales and determine
dimensions of the pool; location of the injection in the pool; ratio of energy and momentum rates.

(1) The total height of the PPOOLEX wetwell is 4.2 m. The pool depth was set to 3 m in order to
maintain a sufficient gas volume allowing for a rise of the liquid level during the experiment. PANDA
pool depth was set to 4 m due to geometrical constraints imposed by the upper inter-connecting pipe.
With these dimensions, the depth to diameter ratio of the water pool was about 0.7-1 for both facilities. In
a Nordic BWR, the ratio of pool depth to the minimum lateral scale is about 1.5-2 [1]. On the other hand,
the ratio for the largest horizontal length scale will tend to much lower values (~0.4).

(2) To obtain a similar ratio of cold layer thickness to pool depth, the sparger submergence ratio was set
to the prototypical 70% value found in Nordic BWRs [37]. However, further experiments might consider
preserving the actual distance between the sparger and pool bottom. Such arrangement would enable a
better understanding on the relation between erosion velocity and distance between the sparger and
interface between stratified layers.

(3) In PPOOLEX, the sparger was located closer to the wall, whereas in PANDA it was located at the
center of the pool. These two configurations are expected to be representative of the different locations
where the sparger can be found in the BWR pool.

(4) Given the limitations in steam flow generation, the total injection hole area was selected such that the
steam mass fluxes fall within 0-150 kg/(m?s), which corresponds to the expected fluxes past ~500 s after
SRVs activation (Table 1). With the injection hole area the time scales of mass w,;, momentum wp, and
energy wg were calculated with equations (1) using the data from Table 1. The results are presented in
Table 2, where we can see that the order of magnitude for the time scales are well preserved.

o = Ths, W = MgVs . wn = mghg (1)
M= P= —> E—
my my./9zy mphy,

Table 2: Mass, momentum, and energy time scales compared to prototypical BWR conditions 500 s after

the activation of 8 Safety Relief Valves. The steam mass flow used for PPOOLEX and PANDA was the

maximum allowed by steam generator of the facilities: 0.27 kg/s and 0.37 kg/s, respectively. Steam was
assumed to be injected at saturated 150 kPa conditions in all cases.

Time scales [s7] BWR PPOOLEX PANDA
Mass [2.0-3.3]e-5 2.1e-5 8.2e-6
Momentum [3.7-8.1]e-4 6.0 e-4 1.8e-4
Energy [6.7-10.6] e-4 6.6 e-4 2.6 e-4

Meso scale (sparger pipe): to determine design parameters of the sparger pipe that provide relevant
regimes for the phenomena such as condensation and condensation at the pipe surface.

(1) The sparger pipe diameter was designed to preserve the steam mass fluxes presented in Table 1, which
is one of the major variables determining the condensation regime inside the pipe [38]. Wall thickness of
the pipe was set to a prototypic value of 4 mm.

(2) The LRR section was designed with a diameter 70 % larger than the sparger pipe. The distance
between the LRR and the sparger end was set to 50 % of the submergence, similar to the 30 to 50 % range
found in prototypic design.

Micro-scale (injection holes): to determine design parameters affecting direct contact condensation
phenomena.



(1) Similar to prototypic sparger designs [20], the injection hole area was distributed between the LRR
and the sparger head in a 20 to 80 % ratio, respectively.

(2) The injection hole diameters were 8 and 9.5 mm, approaching to the prototypic values of 10-12 mm.
The number of holes and diameters were selected to provide close to prototypic horizontal and vertical
pitch (which affect the interaction between neighboring jets), while preserving the injection hole area
needed to reach the steam mass fluxes from Table 1. Similar to the spargers found in BWRs, the injection
holes were chamfered at the outlet with ¢$16x120° and ¢19%x120° for PPOOLEX and PANDA,
respectively. Further designs might consider preserving the total number of holes per ring to maintain the
angle between jets in their axial direction.

(3) The ratio between the injection hole area and sparger cross section area, about 0.55 in a BWR, was
also preserved in the scaled models. This ratio is an important parameter since it is one of the major
contributors to the pressure drop across the injection holes, which affects the mass flow distribution
between them.

Table 3: Dimensions of the PPOOLEX and PANDA sparger experiments compared to prototypical BWR

BWR? PPOOLEX PANDA
Pool volume 2000-3300 m? 13 m? 45 m®
Pool depth 6-11m 3m 4m
Pool diameter 11-14/22-25 m 24m 4m
Submergence ratio 70 % 70 % 70 %
Sparger pipe diameter 150 mm 68 mm 81 mm
Injection holes diameter 10-12 mm 8 mm 9.5 mm
Total injection hole area 10100 mm? 2010 mm? 2800 mm?
Horizontal pitch to diameter 3.6 3.3 3.3
Vertical pitch to diameter 4.5 4.5 45

& Approximate values based on available data
b Values of the BWR correspond to the inner/outer diameters of the annular pool
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Figure 2: Sparger design obtained with the scaling and used in the (a) PPOOLEX and (b) PANDA tests.

2.1. Instrumentation

In PPOOLEX and PANDA, the steam injection conditions of mass flow, pressure, and temperature were
measured about 5 m above the injection holes. Since the steam temperature was expected to change along



the submerged section of the sparger, several TCs were also located along the pipe, reaching until the
injection holes. The liquid level in the pool, used to cross-check the mass flow injected into the pool, was
computed by the difference between a pressure measurement in the gas space and another one inside the
pool.

A total of 68 and 62 K-Type TCs with an average error of £2 °C and recording frequencies of 0.67 and
0.5 Hz were used in the water pool of the PPOOLEX and PANDA facilities, respectively. The TCs were
arranged in vertical trains to capture the pool temperature profile at different locations, Figure 1. Due to
the large temperature gradients expected to occur at the thermocline, a higher vertical resolution of about
150 mm was used below the sparger injection. Above the sparger, where a homogeneously mixed flow is
expected, this resolution was increased to about 300 mm. In PPOOLEX, 42 K-Type TCs capable of
recording temperatures with 20 Hz were arranged into a so called TC mesh in front of the sparger, aligned
with a column of injection holes, Figure 1a. Further details can be found in [30].

The PIV technique was used in both PPOOLEX [39] and PANDA [40]. In PPOOLEX, a Field-Of-View
(FOV) of about 300x300 mm was located at the level of the thermocline (Figure 1a) and image pairs were
recorded at a 7 Hz frequency. In PANDA, the FOV was about 900x900 and located in front or above of
the injection holes (Figure 4). Each recording sequence consisted in 1024 double images recorded with
5 Hz, covering a recording time of 204.8 s.

2.2. Experimental procedure

In this work a separate effect of the sparger head was systematically investigated by blocking the LRR
holes in most of the tests. In total, 9 tests were performed in the PPOOLEX facility in the SPA test series
[30], and 4 in the PANDA facility in the HYMERES HP5 series [42]. Within the SPA series, only one
exploratory test, the SPA-T7, was run with the LRR holes open and the sparger head blocked.

The steam injection usually started at low momentum (minimum flow rate above chugging domain, see
Song et al. [12] and Chan & Lee [15] regime maps for multi-hole and 38 mm single-hole pipes,
respectively in Figure 3) to develop stratification in the pool. After reaching a certain temperature
difference between the top and bottom of the pool, the mass flow was increased to erode the cold layer.

The focus of the tests was mostly on the oscillatory bubble regime (Figure 3). Only two exploratory tests
were performed in the stable cone jet (SPA-T1) and chugging regimes (SPA-T2). The boundary between
chugging and oscillatory condensation was observed to be in good agreement with [12] and [15]. The
only deviation was observed during the last phase of the SPA-T6 experiment, where, similar to [15],
chugging was not observed at high pool temperatures. Note that the difference in injection hole diameter
compared to PPOOLEX and PANDA spargers could lead to differences in condensation regimes.
However, developing a new condensation regime map is beyond the scope for this work. The fact that
single and multi-hole sparger experiments led to similar condensation regimes suggests that the
interaction between neighboring jets (for the given pitch to diameter ratio) had a negligible effect on the
condensation regimes.
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Figure 3: Condensation regime map of the PPOOLEX and PANDA experiments with sparger, using Chan
& Lee [15] and Song et al. [12] data. G is the steam mass flux at the injection holes, and T, the pool bulk
temperature. Shakedown tests SPA-TO and HP5-0, and Helium injection test HP5-5 not included in the
map.

3. ANALYSIS OF THE EXPERIMENTAL DATA

3.1. Pool phenomena

Snapshots of the pool temperature and velocity fields during the PANDA HP5-2 experiment are presented
in Figure 4. In the low steam injection phase buoyancy drives the water flow upwards to form a hot layer.
The interface between the cold and hot layers is found below the sparger. The colder region right below
the sparger suggests that jet entrainment sucks water from the cold layer. In the high steam injection
phase the larger momentum induced by the steam jets caused a faster erosion of the cold layer. The
temperature gradient at the thermocline was as sharp as in the low steam injection phase. This suggests

that buoyancy was efficient in suppressing mixing at the thermocline. Thus, modeling of the buoyancy
and its effect onto the turbulent diffusion is paramount for simulating the pool behavior.
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Figure 4: Pool temperature field and velocity vectors during the (a) low and (b) high steam injection
phases of the PANDA HP5-2 experiment. Temperature and velocity measurements are time averaged
over 200 s. Every 6" velocity vector displayed. Further details of the velocity fields can be observed in
Figure 14.

3.1.1. Mixing and erosion of the cold layer

Two regimes of pool temperature homogenization were observed in the tests: mixing and erosion. The
transition between these regimes is not sudden, but dependent on the ratio between buoyancy and inertia
forces (see Section 3.1.3). In mixing, the momentum is sufficient to overcome buoyancy forces and mix
the cold and hot layers. In this process, the temperature of hot layer decreases (2020-1122 mm in Figure
5a) while temperature of the cold layer increases (972-672 mm in Figure 5a). Mixing was observed only
in the SPA-T1, where large steam mass fluxes were reached by blocking 3 rings of injection holes.
Blowdown pipe experiments performed in the PPOOLEX facility showed a similar mixing regime [23].
Note that a blowdown pipe is more effective for mixing as the injected flow is perpendicular to the cold
layer, unlike the radial injection of the sparger head.

In the erosion regime, the injected momentum is not sufficient to cause macroscopic mixing. Only slow
erosion of the cold layer at the interface is observed. The interface is sharp, as it can be deduced from the
one-at-the-time change in the TCs readings below the thermocline (522-222 mm in Figure 5b), and the
absence of noticeable temperature drop in the upper part of the pool.
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Figure 5: (a) Mixing and (b) erosion of the cold layer during the high steam injection phases of the
PPOOLEX SPA-T1 and T4 experiments respectively.

3.1.2. Behavior of the thermocline

PIV data near the thermocline obtained in the PPOOLEX experiments [39] is presented in Figure 6.
Based on temperature measurements and data in Figure 6, the thickness of the thermocline can be
estimated to be about 50-100 mm. The sudden decrease in the flow velocity indicates the location of the
thermocline, which agrees well with the one deduced from the TC measurements. The non-zero mean
flow below the thermocline can be induced by tangential shear stress and oscillations of the interface.
Large scale turbulent eddies can also be observed. Such eddies can appear intermittently and, as it will be
shown in Section 3.1.3, contribute to the slow erosion of the cold layer shown in Figure 5b. Yet, high
density gradient act as an effective potential energy barrier which minimizes mixing between the layers.
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Figure 6: Averaged velocity fields at the thermocline during the first stratification phase of the PPOOLEX
SPA T8R experiment. Recording intervals are (a) 1380.1-1383.7 s (b) 1688.6-1695.7 s () 2140-2145.7 s
(d) 3152.1-3156.4 s. Contour plots generated using three dimensional velocity fields. Vector plots
generated using x and z velocities. Every second vector displayed. TC measurements were not located
within the PIV plane, but are displayed together for better visualization.

The TCs located at the thermocline showed low frequency and high amplitude temperature oscillations
during the erosion phases (Figure 5b). A similar signature can be observed in [19]. A Fast Fourier
Transformation (FFT) was applied to the TCs readings after subtracting their time averaged values (0 Hz
component). The obtained frequency was much lower than that of typical turbulent fluctuations,
suggesting that they are due to large-scale fluid motions.

Work done in [43] shows that the natural oscillation frequencies of a stably stratified two-layer system are
dependent on the height and density ratios between the layers. In general, waves at the pool surface are of
a higher frequency and shorter wavelength than the ones at the interface between the layers. Assuming a
rigid lid at the pool surface, the natural modes of the interface oscillations can be computed with equation
(2) [43, 44],

k,H kn,H
1 (pe — pp) tanh (%) tanh ("Th>

fon=5= |9kn (2)
2m pe tanh (k"gh) + pp, tanh (k"TH)

where H is the layer height, R the tank radius, and g the gravity. Sub-indexes h and ¢ correspond to the
hot and cold layers, and n to the different modes of oscillation, which can be computed using the different
roots of the first order Bessel function (k, = 1.84, k, =5.33, k3 = 8.54, etc.).

Comparison between equation (2) and the peaks of the FFT at the pool thermocouples is presented in
Figure 7. Despite a noticeable spread of data, the results suggest that the order of magnitude of the
frequencies measured by TCs correspond to the predicted first oscillation mode of the of the interface.
Other modes could also be super-imposed. However, they could not be measured due to the limited time
and space resolution of the TCs. Models which assumed no restrictions on the pool surface motion [43]
produced almost identical results.



In a cylindrical tank, the first mode of oscillation corresponds to a standing sinusoidal-type wave with
maximum amplitude at two antinodes, located at a half radius, and a node at the pool center and vessel
walls [45]. Yet, analysis of the amplitude for all the TCs in the pool showed that there is no clear node
(Figure 8). This could be due to the super-position of other modes of oscillation, or to effects induced by
density gradients within the hot and cold layers, the mean flow at the upper layer, etc. Moreover, the
oscillations seem to have a nearly constant amplitude everywhere, except at vicinity of the vessel walls
where it increases.
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Figure 7: Comparison between the first and second oscillation modes at the thermocline and the peak
frequencies measured with the TCs at the thermocline.
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Figure 8: Amplitude of the oscillations of the TCs at the thermocline as a function of the radial distance
between the TC and the pool center. The non-dimensional amplitude A corresponds to the amplitude
divided by the temperature difference across the thermocline.

3.1.3. Richardson scaling

An important observation from Figure 5b is that it took about 30 min to erode 300 mm of the cold layer.
In this section, we analyze the mechanisms which could induce such slow erosion. A review done by
Fernando [26] shows that different modes of erosion of a stably stratified layer can be determined by the
bulk Richardson number. In a shear and shear free flow, the Richardson number is defined with equations
(3) and (4) respectively,
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where Ab is the buoyancy jump across the thermocling, equation (5),

Pc — Pn
Pc

Ab=g ()

D is the mixed layer thickness, U is the velocity above the thermocline (i.e. assuming that the cold layer is
stagnant), and Ly and uy are respectively the length scale of the turbulent eddies and the root-mean-
square of the horizontal velocity above the thermocline [46].

The different erosion mechanisms are discussed in [24, 25], where a shear-free turbulent flow was
induced by an oscillating grid located at a certain distance above a stable stratified layer. It was observed
that at Risr < 1 the interface is broken down into fragments which are lifted to mix with the upper part of
the pool; at 1 < Risy < 15 erosion is caused by the eddies which are able to splash some of the heavy
liquid upwards; at 15 < Rig < 35 vertical splashing is very sporadic and the erosion is dominated by the
shear and collisions of eddies travelling parallel to the interface; at 35 < Riss < 90 the erosion is
dominated by the intermittent breaking of waves induced by the turbulent eddies, and have a wavelength
proportional to the eddy length scale; at 90 < Risr sporadic wave breaking is the only erosion
mechanism; at Richardson number higher than 100, the erosion velocity is comparable to molecular
diffusion.

The vertical erosion velocity Uy of the lower stratified layer can be computed as a function of the
Richardson number using equations (3) and (4) [26]. The large spread of constants C and n is attributed to
the different erosion mechanisms, secondary flows, and the differences in the experimental setups, such
as confinement, turbulent source, mean flow source, etc. Despite these differences, all of them agree on
the form of the C - Ri™™ equation, known as the “entrainment law”.

The steam injection in the PPOOLEX and PANDA experiments is a source of mean flow and turbulence
(Figure 14 and Figure 17). When both erosion mechanism are important, the erosion velocity can be
expected to be determined by a combination of equations (3) and (4). Unfortunately, estimation of uy
and L, for the oscillatory bubble regime would require separate effect data, which is beyond the scope of
the present work. Thus, we use equation (3), where the buoyancy jump across the thermocline, Ab, was
calculated using equation (5) and the mixed layer thickness D was obtained by estimating the vertical
distance from the momentum source (sparger injection level in our case) to the thermocline. In previous
works, the definition of U varied depending on the momentum source. For example, [47, 48] used two
counter-rotating disk pumps which induced an homogeneous parallel flow with velocity U above the
lower stratified layer. On the other hand, [49, 50] induced a shear at the pool surface through wind and
rotating plates, and defined U as the friction velocity at the pool surface. In this work, we assume that the
radial injection of the sparger behaves like a shear source, distributing the momentum along the cross
section of the pool. Such friction velocity can be computed with equation (6),
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where 4; is the injection hole area and A,, the pool cross section area.
The experimental erosion velocity was calculated using equation (7)
U = Az
by ()

where Az is the vertical distance between two TCs and At the time that the thermocline took to pass
through these two TCs. The approach used to estimate At is presented in Figure 9. First, all of the TCs
readings were time-averaged. The time at which the thermocline center passed through the TCs was
calculated as the average between the time moments when the temperature was 5 % higher than the cold
layer and 5 % lower than the hot layer. Similar results were obtained when taking the average between
hot/cold layer temperatures.
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Figure 9: Estimation of the erosion rate of the cold layer for the (a) first erosion phase of the PPOOLEX
SPA-T4 experiment (b) last erosion phase of the PPOOLEX SPA_T2 experiment and (c) high steam
injection phase of the PANDA HP5-3 experiment.



The results obtained using equations (5), (3), (6) and (7) suggest that the C - Ri;™ law follows well the
erosion velocity of the PPOOLEX and PANDA experiments (Figure 10). Using a non-linear least-square
method, the specific constants for our experiments were estimated to be € = 0.07 and n = 1.2. The same
weight was given to all data points. The effect of the temperature difference across the thermocline AT
can be observed in Points | and 11, which had the same steam mass flux and distance to the thermocline.
The AT of 80 °C in the T8 experiment (Point I) led to a ~20 times slower erosion velocity compared with
T3 (Point 1), where the AT was only 20 °C.

The entrainment law, equation (3), indicates that the velocity should decrease as the erosion progresses
due to the gradual increase of the distance D between the sparger and the cold layer. Such reduction was
observed in the SPA-T2 and in all the PANDA experiments. However, the SPA-T3 and T4 experiments
showed a quasi-constant velocity. The erosion velocities in the SPA-T2 could be affected by the
temperature gradients within the cold layer (Figure 12b). The apparent deviation between PPOOLEX and
PANDA trends could be caused by differences in the initial momentum source. That is, even if Figure 3
indicates that the regimes should have been similar, the specific geometrical and injection conditions of
each experiment could cause the differences. An example of such difference is shown in Section 3.2.2 for
the chugging regime.
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Figure 10: Richardson scaling of the erosion velocity of the cold layer during the PPOOLEX and PANDA
experiments with spargers.

The agreement of the PPOOLEX and PANDA experiments with the entrainment law (Figure 10) suggests
similar erosion mechanisms as the ones discussed by Fernando et al. [24, 25]. This is also supported by
the similarity between the PIV images from Figure 6ac and the images from [25], where we can see the
presence of eddies inducing a local de-stabilization of the thermocline. Thus, the slow erosion velocities
shown in Figure 5a can be the result of intermittent mixing induced by eddy impingement and breaking of
small-scale waves. Since the length-scale of this waves is proportional to the size of the turbulent eddies,
we can also conclude that the large-scale low frequency waves detected by the TCs readings (Figure 7)
were not the driving erosion mechanism.

Large Eddy Simulations (LES) could be used to resolve the oscillations, but at the expense of very high
computational cost, unaffordable for plant safety analysis applications. The Reynolds-Averaged Navier-
Stoked (RANS) modeling approach with relatively coarse meshes could give a good prediction for flows
with low Ri, whereas its capability to model the wave-breaking mechanism occurring at higher Ri



numbers might be limited. For this case, modelling through an equivalent turbulent viscosity would
require a careful selection of the turbulence terms.

3.1.4. Injection of non-condensable gases

Non-condensable gases (e.g. Hydrogen produced during Zirconium cladding oxidation) can be injected
into the pool through the spargers connected to the primary system. The PANDA HP5-5 test analyzed the
effect of injecting 2 and 4 g/s of Helium combined with 160 g/s of steam. The momentum created by such
injection was sufficient to rapidly mix the cold layer with the top layer (Figure 11a). Similar to the
observations from [51], video and PIV images from HP5-5 show that Helium moves upwards (Figure
11b) suggesting that a strong natural circulation pattern is created in the pool: axial entrainment in the
rising plume, and the downward motion along the vessel walls. Since the downward motion is affected by
the vessel diameter, stronger mixing can be expected in case of a pool with a smaller diameter. Therefore,
comparison between the small-scale facility from [51], the PANDA facility, and plant scale, should be
done with caution.

Helium density is 0.17 kg/m® at normal conditions, leading to volumetric flow rates of 0.012 and
0.023 m¥s in the HP5-5 experiment. Hydrogen, whose density is 0.09 kg/m?, is expected to be even more
efficient for pool mixing at the same mass flow rates due to the larger volumetric flow rates. Small gas
bubbles at the same mass flow rate are expected to be more efficient in pool mixing than larger ones due
to their larger water-to-gas contact area [52].

4 g/s Helium

ion mm

() (b)
Figure 11: Mixing phase of the PANDA HP5-5 experiment. (a) Temperature evolution along a vertical
line of TCs and (b) superposition of PIV and video images during the 4 g/s Helium injection.

3.2. Steam condensation phenomena
3.2.1. Jets at the sparger outlet

In this section, we analyze the temperature and velocity fields induced by the condensing steam jets. The
oscillatory bubble regime is characterized by a cyclic growth, detachment, and collapse of steam bubbles
of a size similar to the injection hole diameter [53]. The frequency of this cycle can be estimated using
Fukuda’s correlation (f = 0.06AT/d) [54], which gives values between 220 and 850 Hz for the analyzed
sparger experiments. Since this frequency is far above the acquisition frequency of all measurements, we
will only focus on time-averaged quantiles.



Experimental work done in [11] shows that stable sonic jets condense within 2 to 11 injection hole
diameters. Based on the TC mesh data from PPOOLEX, complete condensation in the oscillatory bubble
regime occurred within 50 mm, which is about 6 hole diameters (Figure 12). The dependency of the
condensation length with the steam mass flux and pool temperature could not be resolved with the 50 mm
separation between TCs. Video images from PANDA enabled a qualitative confirmation that the steam
jets condensed over a similar distance.
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Figure 12: TC measurements in front of the injection holes as a function of the (a) pool bulk temperature,
and (b) steam mass flux through the injection holes. Data from PPOOLEX SPA-T3, T4, T5, T6, and T8
experiments. Data point at x = 0 mm corresponds to the TC measurements inside the sparger. TC data
was time averaged over 200 s.

Parallel water jets induced by the steam injection were observed to merge after a short distance (Figure
13). This is a common effect in parallel jets, caused by the suction effect of the entrainment. According to
Ko et al. [55], the distance to complete merging can be estimated as 3 times the pitch plus diameter,
which corresponds to 130 and 160 mm for the PPOOLEX and PANDA spargers. This estimate agrees
well with the temperature and PIV data in Figure 13.

A downwards inclination of the water jets was observed by the TC mesh in PPOOLEX, Figure 13a, and
the PIV system in PANDA, Figure 13b. The inclination was attributed to the downwards component of
the steam velocity at the sparger hole outlet. This component is not negligible since the area ratio between
injection hole to pipe cross section is about 0.41 and the wall thickness is only 4 mm, not big enough to
re-direct the flow to a complete horizontal direction. The injection angle was quantified to be about 10° in
a separate PANDA experiment with a gas injection into a gas space (Figure 13b). At low mass flow rates,
partial steam condensation inside the sparger and uneven distributions of the steam through the injection
holes might affect the angle. A means for measurement of the angle would be necessary in the future
experiments. It is recommended to perform sensitivity studies to this parameter during the process of
model development and code validation.
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Figure 13: (a) Temperature contours during the first low and high steam injection phase of the PPOOLEX
SPA-T3 experiment. TC data was time averaged over 200 s. Symbol (+) corresponds to the TC locations
and (D) to first TCs in line with the injection holes. (b) Velocity contours and streamlines during the
PANDA gas-to-gas experiment. Velocity data was time-averaged over 200 s.

The flow distribution between different rings of injection holes was estimated using the data from Table 3
together with equations (16) and (17) and a discharge coefficient of C, = 0.6 (Figure 22). It was observed
that for PPOOLEX and PANDA the differences in mass flow between the upper and lower rings are
expected to be below 2%. Assuming an even flow distribution through each hole, a theoretical injection
angle a;;, was obtained as a vector average of the velocities at each ring:

= tan~! 4 (1 + i) (8)
Fen = 245,\" N,

where N, is the number of rings of holes, A, the sparger cross section area, and A; the injection hole
area.

Based on equation (8) an angle of ~15° was obtained for both PANDA and PPOOLEX (note that they had
the same sparger to hole area ratios). The deviation compared to the experimental value of 10° is probably
due to secondary flows inside the sparger and buoyancy of the plume. For example, the zero axial
velocity at the bottom of the sparger pipe can result in the flow structure that provides an upwards angle
at the last ring of holes (Figure 13b). To account for these effects, a C, coefficient can be used to modify
the theoretical estimate, equation (9).

a = Cqawp ©)

The current experimental results suggest C,= 0.67. Further calibration of C, should be done using other
sparger designs.

In single-phase flows, jets develop a self-similar velocity profile in non-dimensional coordinates. Work
done by Choo et al. [56] demonstrated that jets induced by a single-hole steam injection also produce self-
similar velocity profiles. The multi-hole injection in PANDA HP5-2 also resulted in a self-similar profile
according to the PIV data. In Figure 14 U, is the jet centerline velocity, and 7y, the half width radius i.e.
U(ry2) = Up/2. Due to the upwards deflection of the jet induced by buoyancy, r,, was different in the
regions above and below the centerline. The upper/lower estimation of r;,, provides a good self-
similarity in respective regions.
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Figure 14: PIV data from the low steam injection phase of the PANDA HP5-2 experiment. (a) Velocity
contours, (b) velocity profiles 400, 500, 600, and 700 mm far from the sparger and (c) non-dimensional
velocity profiles. Velocity data was time-averaged over 200 s. Shaded areas represent the error of the
measurement.

Potential non-uniformities of the azimuthal velocity, which was not measured with PIV, were estimated
using standard jet expansion equations. Although the actual flow field should be between round and plane
jet, we assumed round jet behavior [57], described by equations (10) and (11),

Uoe) = 2 20u 010 (10)
X X 5
UCx,7) = Up(x) exp (—K%) (11)

where Uy, and d, the liquid velocity effective diameter of a multi-hole injection, are unknown parameters.
The data from Figure 14 can be used to estimate that the nominator in equation (10) is about 0.1. In
single-phase flows, the K coefficients for round and plane jets are 77 and 50 respectively [57, 58].
According to Choo et al. [56], a single round condensing steam jet results in similar values of K
coefficients varying between 72 to 85. A good agreement with the PIV data from PANDA tests is found
when decreasing K to ~40 or less (Figure 15). The deviation with the K values from Choo et al. [56]
could be due to the effect of multi-hole injection and condensation regimes. Note that all the experiments
performed in [56] were in sable condensation regimes appearing above 300 kg/(m?s). The oscillatory
bubble regime analyzed in this work might have increased the turbulent diffusion and jet spread. Due to
the uncertainty in K, sensitivity studies are recommended in CFD.
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Figure 15: Comparison between the vertical velocity profiles measured with PIV and the analytical
profiles obtained with equations (10) and (11) using K = 20, 40, and 80. Between 100 and 300 mm the
analytical curves correspond to K = 40 and h to the height of the equivalent top-hat jet. Shaded areas
represent the error of the measurement.

Self-similarity of the jets enables modelling of the multi-hole steam injection through a column of holes
using a single velocity profile near the sparger, which can be approximated to a top-hat distribution as
shown in Figure 15, which provides the same momentum.

The velocity distribution in the azimuthal direction was estimated using equations (10) and (11) anda K =
40 and 20 (Figure 16). Note that the number of holes per ring, which can be between 12-24 in the plant,
was not preserved in the tests due to the restrictions of the pipe diameter and total injection hole area. A
larger number of holes enhances the interaction due to the reduction of the angle between their axial
directions, leading to a more homogeneous velocity distribution.
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Figure 16: Estimated interaction between neighboring jets in the azimuthal direction for a sparger with 8,
16, and 24 holes, calculated with equations (10) and (11) using K = 20 and 40. The results are applicable
for any given distance with a non-dimensional velocity scaled to unity.

The turbulent stresses u;u; induced by the steam injection were calculated from the PIV data using
equations (12) and (13),

1 Nerr
U, = Z U, (12)
Ner e ™
1 Nerg
wu] = — > (U, ~Ty)° (13)
Nerr n=1

where U is the instantaneous flow velocity, U its time-averaged value, sub-index i the axial x and vertical
z directions, and N,rr the number of valid samples within a 200 s time frame considering statistical
independence [41]. The turbulent kinetic energy was calculated with equation (14),

i
k= > (u;u; + 2ugu’z) (14)

where the y velocity component not measured with the 2D PIV system was assumed to be equal to the z
component (axis-symmetry around the x axis). The turbulent intensity was calculated with equation (15),
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(15)

i =

where U, is the jet centerline velocity. Using equations (12), (13) and (15), the turbulent intensity was
observed to vary between 50 to 90 % (Figure 17b). Similar extremely high values were observed in other
PIV recordings obtained in the PANDA experiments. In the work done by Van Wissen et al. [59] the
maximum measured turbulent intensities generated by a single-hole steam injection into a pool were
about 30 %. Thus, further measurements using other techniques might be needed to confirm these results.

A source of uncertainty not reflected in the shaded areas from Figure 17 is the change in the refractive
indices. These changes can be induced by temperature gradients along the path of each beam of light
travelling from the tracer to the camera. Assuming that this change has no directional bias, time-averaged
values such as mean velocities would minimize this error in a large enough time window. However,
variables computed as an absolute value (such as the turbulent stresses, equation (13)) will lead to an
artificial increase of the calculated quantity. Note that a ~25 % turbulence intensity was measured at z =
1800 mm, which could be an indicator for the magnitude of turbulence intensity over-estimation.
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Figure 17: PIV data from the low steam injection phase of the PANDA HP5-2 experiment. (a) Turbulent
kinetic energy contours and (b) square of the turbulent intensities in the axial and vertical directions.
Velocity data was time-averaged over 200 s. Shaded areas represent the error of the measurement.

The PIV data obtained in PANDA was also used to estimate the ratio of turbulent to molecular viscosity.
Ratios of up to 1e6 were obtained at the jet centerline and ~4e4 in the z = 1800 mm region. These large
values can be affected by the accumulation of refractive indices errors when computing derivatives of the
instantaneous velocities (needed to calculate the turbulent dissipation ). Other experimental techniques
should be developed in further experiments to measure this quantity.

3.2.2. Chugging regime

In the PPOOLEX SPA-T2 experiment, chugging was observed in the video images and in the large-
amplitude temperature oscillations of the TCs inside the sparger pipe, Figure 18. At low pool
temperatures, the momentum induced by the chugging was enough to erode the cold layer and maintain
the pool well mixed. Increasing pool temperatures reduced the chugging momentum, leading to the pool
re-stratification at T, ~ 60 °C. At 65 °C chugging was completely suppressed and the pool was re-
stratified.
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Figure 18: Steam chugging during the PPOOLEX SPA-T2 experiment. Elevation 0 mm of the TCs inside
the pool corresponds to the pool bottom, and in the TCs inside the sparger, to the sparger bottom.

The frequency of the liquid level oscillations inside the sparger were estimated using the 20 Hz TC mesh
measurements. A FFT was applied to 500 s intervals to capture the effect of the pool temperature. As we
can see in Figure 19b, the frequency was maintained constant at about 1.8 Hz, and suddenly dropped to
zero values at T, ~ 65 °C. The amplitude of the oscillations was estimated using the TCs inside the
sparger pipe. Contrary to the PPOOLEX MIX experiments [23], the 100 mm distance between TCs was
not enough to get an accurate estimation of the amplitude. Thus, the results in Figure 19a are given with
the error corresponding to the distance between TCs.

Based on the frequency and amplitude, the effective velocity induced by the chugging in the liquid can be
computed as Ugrf = V2fA, and the effective momentum as Mysr = pLAinff [6]. Figure 19¢ shows that
the momentum is indeed reduced substantially at T, ~ 65 °C, explaining the re-stratification of the pool.
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Figure 19: (a) Amplitude and (b) frequency of the liquid level oscillations inside the sparger as a function
of the pool temperature, and (c) effective momentum induced into the pool.



Unstable condensation and temperature oscillations were also observed in the video recordings and TCs
measurements inside the sparger of the PANDA shakedown test, which was run at similar conditions as
the PPOOLEX SPA-T2. However, these oscillations were of much lower amplitude compared to
PPOOLEX and were not sufficient to mix the pool (Figure 20). Moreover, the video images recorded in
PANDA did not show the regular steam jet pulses which could be observed in the PPOOLEX videos and
TC mesh. Given the differences between PPOOLEX and PANDA, it can be concluded that the chugging
boundary in terms of steam mass flux and pool temperature can be different for different sparger designs
(such as T-quenchers).
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Figure 20: Temperature oscillations inside the sparger during the PANDA HP5-0 test. Elevation 0 mm of
the TCs inside the pool corresponds to the pool bottom, and in the TCs inside the sparger, to the sparger
bottom.

3.2.3. Discharge coefficient

In this section, we calculate the discharge coefficient Cj, at the sparger injection holes, equation (16),

Cp = 22 (16)
Mep
where ., and my, are the experimental and theoretical mass flow rates, respectively. According to
[60], the main variable determining the losses is the ratio between the total injection hole area and the
pipe cross section area. PPOOLEX and PANDA spargers were designed with the same ratio § = 0.41 at
the sparger head. Therefore, similar losses can be expected in both designs.

The theoretical mass flow rate was calculated assuming a steady-state, isotropic compressible flow,
equation (17)



y = A. [ E— - — = 17
Min Al\/plpl (y-1 ((Pl P, (17)

where sub-index 1 and 2 indicate up- and downstream conditions respectively.

The assumptions used to derive equation (17) limit its applicability to the steady adiabatic flows. Loss of
accuracy can be expected in case with significant flow pulsations and steam condensation inside the
sparger pipe. For example, in the PPOOLEX SPA-T1, T7, and T9 experiments, which were run with only
1 ring of holes. This means that for the same steam mass flux at the injection holes the mass flow inside
the sparger pipe was 4 times lower than in other test, increasing the possibility of condensation.

P; in equation (17) was obtained assuming saturated steam conditions inside the sparger. Since all the
experiments were run at sub-sonic conditions (average Mach 0.27, maximum 0.9 in SPA-T1), the
pressure at the injection holes outlet P, was assumed to be equal to the hydro-static pressure of the pool
P,, at the same level.

The estimated discharge coefficients for all the PPOOLEX and PANDA tests are presented in Figure 21.
The data from both facilities overlap, ranging between 0.5 to 0.8. Apparently, steam condensation inside
the sparger could lead to negative energy loses (Cp > 1) in the estimations for SPA-T1 and T7
experiments, and in the very low steam mass flux conditions of the SPA-T4. Above 120 kg/(m?s) the
discharge coefficient seems to increase asymptotically with the steam mass flux. The dependency of C,
on the pool temperature (Figure 21b) showed that the lowest values are reached at about 60 °C. According
to [61] the amplitude of the pressure pulses induced by a multi-hole steam injection in the oscillatory
bubble regime reach their maximum at a AT/T, between 0.2 to 0.45, which corresponds to pool
temperatures of about 60 to 80 °C. Below and above these temperatures, the amplitude tends to be zero.
Therefore, it is possible that higher pressures inside the sparger would be needed to inject steam at the
conditions between 60 to 80 °C, leading to lower values of Cp.
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Figure 21: Discharge coefficient as a function of the (a) pool temperature and (b) steam mas flux at the
injection holes.

The work done by Kayser & Shambaugh [62] concluded that the discharge coefficient for a compressible
flow is well correlated with the dimensionless pressure ratio AP given by equation (18).

pp=1Fe (18)
Pcrit - P2
Using this ratio, Figure 22 presents the same data set as in Figure 21, but displaying only the loss
coefficients when the steam mass flux inside the sparger pipe was higher than 25 kg/(m?s). We can see in
Figure 22 that experimental data points are well grouped, and close to the AP correlation proposed in
[62].
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Figure 22: Discharge coefficient as a function of the dimensionless pressure ratio. Comparison with the
correlation proposed by Kayser & Shambaugh [62].

4. CONCLUSIONS

The interpretation of the pool experiments with vertical spargers performed in the PPOOLEX and
PANDA facilities is discussed in detail in this work. The focus was on the sub-sonic oscillatory bubble
regime, expected in a long-term steam injection during SBO-type scenarios. Despite the differences in
scales, similar pool and steam condensation behavior were observed in PPOOLEX and PANDA. The
major findings and implications for modeling approaches are summarized below:

1. A thin thermocline layer (interface between hot-cold layers) of about 50 mm was maintained in
the pool during the stratification and slow erosion phases. In CFD models, fine grid resolution
would be required in the vertical direction to resolve such a layer.

2. Low frequency waves (< 1 Hz) are observed at the thermocline during the erosion phase. These
waves correspond to the first natural mode of oscillations of the stratified layers and might have
little effect on the erosion, and thus of low interest in the modeling of the erosion rate.

3. The slow erosion of the cold layer is expected to be dominated by intermittent eddy impingement
and breakup of smaller wavelength interfacial waves at the thermocline. Adequate modelling of
these phenomena in RANS will require a careful selection of the turbulence generation and



dissipation terms. Using LES to resolve the individual eddies would lead to a very high
computational cost.

4. Based on the experimental data, a Richardson correlation was proposed to predict the vertical
erosion velocity of the cold layer as a function of the steam injection conditions and pool
dimensions. This could be used in lumped parameter codes where the flow structure and wave
breaking erosion phenomena cannot be resolved.

5. Helium injection induced a strong natural circulation pattern that was able to mix the pool.
Hydrogen is expected to be even more efficient in the mixing due to its lower density. The effect
of the gas flow rate on the mixing time scale has not been investigated.

6. The steam jets condense within ~6 injection hole diameters. This would be the minimum distance
where single-phase liquid boundary conditions can be applied in a CFD simulation.

7. The steam jets have a downwards inclination of about 10° at the sparger outlet due to the
downwards velocity component at the hole orifice. Since this angle would increase the
momentum directed towards the cold layer, it should be considered in CFD modeling.

8. The jets near the sparger outlet merge in the vertical direction. Apparently, a self-similar jet is
formed as a result. No measurements are available to assess if merging in the azimuthal direction
occurs. An analytical assessments suggest that such merging might not occur in experiments at
certain conditions; however, it is more likely to occur in plant conditions where azimuthal angles
between neighboring holes are smaller. Thus, modelling of each individual column of jets might
be needed in a CFD analysis of the tests.

9. Extremely high turbulence intensity of 50 to 90 %, were measured by the PIV system. Further
experimental work is necessary to confirm this finding. Possibility of higher levels of turbulence
have to be taken into account in the boundary conditions for the CFD models.

10. Chugging regime was observed at low steam mass fluxes, with a frequency of about 1.8 Hz and
an amplitude between 544 and 0 mm. Chugging was completely suppressed at pool temperatures
higher than ~65 °C. The frequency and amplitude of the chugging oscillations were used to
estimate the effective momentum, which can be used as a boundary condition in a CFD
simulation, instead of simulating the direct steam condensation phenomena.

11. The ratio between the sparger pipe cross section area and injection hole area determines the loss
coefficient through the injection holes, which was observed between 0.5 and 0.8. This could be
used to estimate the upstream pressure needed to inject steam into the pool.

Further experiments on steam injection through sparger are necessary in order to get a better
understanding of the wave-breaking mechanisms responsible for the erosion of the cold layer.
Measurements of the turbulent intensity should also be further performed to confirm the large range
obtained in the PANDA experiments. Once the phenomena are well understood, the effect of a steam
injection through the LRR and sparger head should also be addressed. Further data on chugging regime
would also be needed to generate maps of frequency and amplitude which can be used to predict the
effective momentum.
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