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Abstract

Gas entrainment from surface swirls is characterized using water experiments. A free surface shear flow is generated in an
open channel flow. A suction nozzle is set at the bottom of the test section to induce a downward flow and provoke gas
entrainment. An important originality of these experiments is the possibility to change the inlet condition so as to generate
different turbulent shear flows. This is done by adding obstacles of different sizes and shapes at the end of a flat plate
separating the inlet flow from a “stagnant” water area. Velocity fields and profiles, measured with the PIV technique, are
provided to describe the inlet conditions corresponding to various geometries and flow rates. Gas entrainment mapping are
established from direct observations of the different flow configurations. These new results show that the threshold for the
suction velocities required to entrain gas are similar for the configurations with small obstacles and the flat plate
configuration triggering a standard shear flow. Increasing the size of the obstacles promotes gas entrainment and reduces
the threshold values of the suction velocity to trigger gas entrainment. Shadowgraphy with image processing is used to
present new results characterizing the geometrical properties of surface swirls and the quantity of gas entrained. Inlet
configurations with obstacles generate larger surface swirls which move upstream from the suction nozzle centre whereas
they are situated downstream with the flat plate configuration. Moreover, dimensionless power laws are found to be good
approximations for the surface swirl width and the quantity of gas entrained. In addition to provide new insights about gas
entrainment in analytical configurations relevant to Sodium cooled fast nuclear reactor, these results should provide
different test cases for the validation of MCFD codes, e.g. TRIO-U, NEPTUNE-CFD.

determinate the onset of gas entrainment for the four
liquids.

Flow mechanisms of air entrainment was also studied by
Takahashi ef al., 1988 through an experimental set up close
to that used by Baum and Cook, 1975 The novelty of their
rig and experiments is the possibility to add a forced

1. Introduction

Gas entrainment has been identified as a possible safety
issue in Sodium cooled fast reactors (NaSFR). It can
capture gas from the free surface to the bottom of the
vessel. This may lead to the accumulation of gas pockets

under the core of the reactor (Takahashi et al., 1988;
Tenchine, 2010; Tenchine et al., 2014). When these gas
pockets get through the core, it can disturb the nuclear
reaction and damage the combustible rods. This gas
entrainment phenomenon is produced by the combination
of existing turbulent structures close to the free surface,
such as eddies, and the downward flows created by the
suction of hot liquid sodium by the intermediate heat
exchangers.

Many experimental facilities have been designed to
investigate this phenomenon in relation to the nuclear
application. Most of them are water experiments and a brief
history can be given.

Baum and Cook, 1975 begins to study the problem through
a cylindrical glass apparatus. Here the eddy structure is
generated by introducing the flow with a tangential inlet
pipe. The liquid exits through an outlet pipe at the centre of
the bottom of the cavity. Four liquids were investigated:
water, white spirit, Freon 113 and sodium. They

circulation by turning the cylindrical cavity. In particular,
they showed that an air core with break up bubbles changes
to a continuous air core with an additional forced
circulation.

In these experimental investigations, the gas entrainment is
maintained continuously whereas it appears intermittently
in NaSFR. Moreover, Kimura et al., 2008 have performed
experiments in a partial model of the Japan Sodium cooled
Fast Reactor’ to show that gas entrainment results from the
combination of the wake of obstacles, the presence of shear
flows and the suction flow.

Then, to study intermittent gas entrainment, new analytical
experimental facilities have been designed so as to isolate
the key mechanism of turbulent shear flows combined with
flow suction, e.g. Ezure et al., 2011, 2008, Kimura et al.,
2009 and Cristofano et al., 2014. These new design

! Their choice of the 1/1.8 scale was based on the works of Eguchi
et al., 1994 and Eguchi and Tanaka, 1994.
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experiments are based on open channel flows. To produce
turbulent structures, a shear flow is generated in the middle
of the channel. This is realized by separating the main flow
from a water dead zone using vertical plates at the inlet and
outlet of the channel. The downward flow is generated by
flow suction through a nozzle placed at the bottom in the
centre of the channel. This combination can produce (or
not) gas entrainment through the suction nozzle according
to the chosen flow parameters. Such experiments provide
the occurrence map of gas entrainment according to flow
parameters, i.e. inlet velocity, outlet velocity and suction
velocity. Moreover, Kimura ez al., 2009 have investigated
both sodium and water fluids using the same test section to
demonstrate that water experiments simulated well the
onset conditions of gas entrainment in sodium.

Gas entrainment experiments have also been performed in
liquid metal, e.g. Vogt et al., 2015 to support the validation
of numerical codes.

It is worth mentioning that gas entrainment is also a topic
relevant to the automobile industry in the context of the
water box (Recoquillon, 2013; Recoquillon ef al., 2011a,
2011b).

The present study is an experimental investigation of

the gas entrainment occurrence in water. The geometry of
the experimental channel is close to that of Ezure ef al,
2008 and Kimura et al., 2009. The main difference lies in
the inlet conditions. To trigger different flow regimes,
obstacles of various shapes are added (or not) at the end of
the flat plate defining the inlet conditions.
The experimental set up and methods are described in
section 2. The results are discussed in section 3. New
results about gas entrainment introduced for the different
inlet conditions are investigated. First, the required
condition on the inlet and suction velocities for the
occurrence of gas entrainment are studied and compared to
previous literature. Second, the geometrical properties of
surface swirls are characterized. Third, the projected areas
of the air pumped via bubbles entrained through the suction
nozzle are measured. This permits to describe and compare
the behaviour of surface swirls and the quantity of air
entrained according to different inlet configurations.

2. Experimental approach

2.1.  Experimental setup

Experiments are performed using an open channel

water flow. This channel is integrated in a close loop. A
centrifugal pump mounted with an adjustable by-pass is
used to generate different regulated flow rates. Flow rates
are measured by electromagnetic flowmeters with an
accuracy of +0.3%. Moreover, the temperature of the water
is regulated at about 20°C using a heat exchanger.
The length and width of the test section are respectively
700mm and 108mm. The height of the free surface is
210mm. Figure 1 gives a sketch of the test section of the
rig which is named BANGA.

To separate the main free surface flow from a stagnant
water area, two vertical plates (300mm apart) are placed in

the middle of the channel so that inlet and outlet flows are
limited to the half of the channel cross-section. To induce a
secondary down-flow, some water is pumped through a
suction nozzle. The diameter of the nozzle, noted D, is of
50mm and it is set at 200mm height, i.e. 110mm below the
free surface. The origin of the Cartesian frame is set on the
border of the vertical plate at the height of the suction
nozzle. The x axis coincides with the horizontal channel
flow direction, y and z axis are the horizontal and vertical
directions, respectively.

The present experimental set up is relatively close to
that of Ezure et al., 2008 and Kimura et al., 2009. One of
originality of this work is the possibility to introduce
obstacles. These obstacles are mounted at the end of the
first vertical plate as illustrated by the square in Figure 1.
They produce different inlet flow conditions amenable to
impact on the structure of the turbulent shear flow so as to
provoke different conditions for gas entrainment.

Vertical
/ plates \
Obstacle Free surface
Ointet T \ Ooutter
— - |—
— —
- £ _
— WATER : £
_ e -3 S —
—] Origin | £ px —
— l|& —
— |
. Suction nozzle Side view
X -
‘ Q.SHCHOH
. .
Obstacle ;
— —_ 50mm : —*
50mm \__/ EDmmI Smm
200mm e 300mm | H
700mm
Top view

Figure 1. Test section of the rig BANGA: The top picture is the side
view and the bottom one is the top view. The origin of the Cartesian
frame is indicated with a cross. Q;, and Q,,. denote the inlet and outlet
flow rates, respectively.
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Figure 2. lllustration of the different configurations with obstacles.

Three geometries of obstacles are selected: square
blocks (noted SB), half cylinders (noted HC) and ramps
(noted RP). The square block and half cylinder are placed
at the end of the vertical inlet Flat Plate (noted FP). The
ramps are mounted along the flat plate with the highest part
at its downstream end. Figure 2 illustrates these different
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configurations with the obstacles. The height of the
obstacles, noted h,,,, are either 12.5mm or 25mm.
2.2.  Notations

The inlet and suction flow rates (in m* h™") are Q;,, and
Q, respectively. The inlet and suction velocities are U;, and
V; respectively. U,y iS the velocity at the cross section
perpendicular to the obstacles.

Qin

Upn = ) 1
" Linhwat ( )
Qs
V= nD?/4’ )
Lin
U =U,, ————,
obs in Lin _ hobs (3)

where L;, is the width of the inlet channel (50mm) and
hyq: 1s the water depth (210mm). For the flat plate
configuration h,,s = 0.

Similarly to Chang, 1979, the diameter D of the suction
nozzle is chosen as the reference length scale to build
dimensionless numbers. In particular, the dimensionless
coordinates are noted with a * so that: x* =x/D, y* =
y/D and y* = z/D.

The inlet and suction Reynolds number, respectively
noted Re;, and Re,, are defined as:

UobsD

Rey =———, (4)
V.D
Rey = —. )
v

where v = 107%m?s~1 is the kinematic viscosity at 20°C.

In order to underline the competition between the free
surface flow and the downward flow in gas entrainment
and surface swirl occurrence, two parameters, k and ¢ are
introduced:

o Re?, (6)
" Rey’

£= Re? (7
Rein .

Later on x is used to study phenomena where Re;, has
a stronger influence than Reg. In contrary, & is used to
describe phenomena where Re; as a stronger influence than
Rein.

2.3.  Measurements and processing

Flow measurements rely mainly on Particle Image
Velocimetry (PIV) measurements to provide details about
the inlet conditions, e.g. velocity profiles, and on flow
visualization and processing to observe and quantify the
gas entrainment phenomenon.

Particle Image Velocimetry (PIV) measurements
(Raffel et al., 1998; Rossi et al., 2013) are performed using
an Evergreen™ laser with double pulse laser sheets
(thickness, wave length, duration and energy: 1mm,
532nm, 5ns, 120mJ). Double frames are recorded using a

PowerView™ Plus Charge Coupled Device (CCD) camera
of spatial resolution 4872 x 3248 pixels. The time lags of
the double frames vary from 1ms to 2.5ms according to the
flow rates. PIV computations are performed using Davis™
software from Lavision™., The final correlation windows
are square windows of 48 pixels sides. An overlap of 50%
is applied to build the velocity grid. Typical maximal
displacements are about 10 pixels. The final instantaneous
velocity fields are smoothed using a 3x3 mobile average.
The velocity fields are measured in the inlet area within
horizontal and vertical planes. The vertical PIV planes are
situated at y = 32mm and y = 37.5mm for 12.5mm size
obstacles and the flat plate and for the 25mm side
obstacles, respectively. These y values correspond to the
middle position between the obstacles and the channel
wall. The horizontal measurements are performed at z =
50mm (z* =1) for all configurations. These latest
measurements are performed from the side so as to avoid
free surface deformations. To do so, the camera is set with
an angle of 30° with the laser sheet. A calibration is applied
to PIV frames to correct distortions using a reference grid
and the ortho-rectification algorithm of DAVIS™ software.

Visualizations are performed in white backlighting with
a Stemmer Imaging™ camera to observe surface swirl
occurrence and gas entrainment phenomenon. Frames, with
a spatial resolution of 2048 x 1088 pixels frames are
acquired at 25Hz during 15min. The physical domain
observed is 36cm long and 16 cm wide. It includes the free
surface and the suction nozzle.

Image processing toolbox of Matlab™ is used to
identify and quantify the occurrence of gas entrainment as
follows:

1. The reference background, i.e. without gas
entrainment, is subtracted to the original picture (Figure 3a)
to improve the contrast. Such results are illustrated by
Figure 3b.

2. The edges of the air areas are detected using the
Canny method (Canny, 1986) evaluating the gray scale
gradient. This step is illustrated in Figure 3c.

3. The edges are dilated to close opened contour. This
step illustrated by Figure 3d.

4. The thick lines obtained are filled as illustrated in
Figure 3e.

5. The filled shapes are eroded. This processing cleans
the dilated border and removes the gray scale gradient of
the free surface and the suction nozzle. This step is
illustrated in Figure 3f.

6. Iso-countours are extracted (from the black and
white image obtained) and are characterized as polygons so
as to measure their geometrical characteristics. Resulting
contours are illustrated in Figure 3g where they are
superposed to the original picture.
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Figure 3. lllustration of the different image processing steps: (a)
original image, (b) background subtraction, (c) edges detection, (d)
edges dilatation, (e) filling closed contour, (f) erosion and (g) detected

contours.

2.4.

The Table 1 gives the flow rates, velocities and
Reynolds numbers investigated.

Flows explored

Rein
n%/nh anJ}r; m(g/sh IT\]//SS Re; | obstacles hqy, Ep
12.5mm| 25mm
1.9 10.05| 1.9 (0.27|13500| 3333 | 5000 | 2500
2.8 10.4 20000
3801 3.2 1045122 500 6 667 |10 000| 5000
3.6 | 0.5 |25 000
5.7 10.15| 4.2 | 0.6 | 30000 | 10 000 | 15000 | 7 500
4.910.7 | 35000
4.2 0.6 | 30 000
7.610.2|5.7|0.8 (4000013333 (20000 10000
7.1 1 |50000
4.2 0.6 | 30 000
9.5(0.25| 5.7 | 0.8 |40 000| 16 667 | 25 000 | 12 500
7.1 1 |50000

Table 1. Main flow parameters

Figure 4 provides 2D dimensionless mean velocity
field, averaged over 250 velocity fields, in the inlet area,
llu||/U;y,, for the 25mm side square block; |lu|| is the
velocity amplitude. Figure 4a is measured at y = 37.5mm
and Figure 4b? is measured at z = 50mm. The two fields are
in a good agreement. This highlights the reproducibility of
the measurements since they are not made simultaneously.
The black vectors indicate the direction of the flow. At the
inlet, x < -50mm, the velocities are mainly parallel to the x-
axis and their intensities are close to U;, . For x > -25mm,
the local speed increases due to the contraction of the test
section. For x > 0, a strong transverse velocity gradient
occurs between the inlet and the stagnant flows (Figure 4b).
This generates a shear flow in the wake of the obstacle.

~ IETE bm

2.5

L A —— ]
-25 0 25 50

N
-50 25
x (mm)

Figure 4. Dimensionless 2D temporal average, ||u||/U;,, in the
inlet area at y = 37.5mm (a) and z = 50mm (b). Experiments with
the 25mm side SB, U;, = 0.25m s~ ! and V, = 1m s~!. Black
velocity vectors have a unit length to indicate the direction of the
flow. White dashed lines represent the location of the profiles
plotted in Figure 5.

Figure 5 gives the dimensionless velocity profiles
extracted along x = 0. The confidence interval at 95% of
these mean velocity profiles is about 1%.

In the vertical plane, the vertical component (Figure 5b)
is clearly negligible compared to the axial component
(Figure 5a). In the horizontal plane, values of the transverse
component (Figure 5d) above y = 25mm for 25mm side
obstacles and y = 12.5mm for 12.5mm side obstacles are
close to zero. Under these y values, the transverse
component is more important due to the wake of obstacle
and recirculation flow. Moreover, the axial velocity jumps
in Figure 5¢ correspond to the position of the shear flows
between the inlet and the “stagnant” flow. As for the
velocity fields, a good agreement appears between the
vertical and the horizontal velocity profiles of the axial
component (Figure 5a and Figure 5¢). The amplitudes of
the velocity profiles are ordered similarly for the two sizes

% Note that the boundaries of the velocity fields in Figure
4b are not straight because of the correction of the
distortions.
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of obstacles. The highest velocities are found for the inlet
configuration with the 25mm radius half cylinder.

100,

(®)]

z (mm)
z (mm)

v (mm)

-0.5 0.5
Figure 5. Dimensionless velocity profiles of (a) axial component
u/U,,s and (b) vertical component w/U,, are plotted at x = Omm
in the vertical planes situated at y = 32mm for the 12.5mm side
obstacles and the FP, and y = 37.5mm for the 25mm side obstacles
(see Figure 4a). Dimensionless velocity profiles of (c) axial
component u/U ;¢ and (d) transverse component v/U,,,, are plotted
few mm after x = Omm in the horizontal plane situated at z = 50mm
(see Figure 4b). The SB, HC, RP and FP are plotted in black, blue,
red and green color, respectively (see online version of this article for
color coded version of this figure). Thin lines are used for 12.5mm
size obstacles and heavy lines are used for 25mm size obstacles.
Dashed lines correspond to Uy, = 0.1m s™!, V, = 0.45m s~ ! and
solid lines correspond to U;,, = 0.25m s™, V, = 1m s~ 1.

The turbulence intensity levels range from 5% to 11%
according to the inlet configurations. Table 2 gives more
details so as to highlight the role of the obstacles in
generating turbulence.

Un v, SB | HC | RP Ep
m/s m/s 12.5mm size obstacles
0.1 0.45 9 8.6 7.7 9.5
Ui, = 0.25m/s
V= 1m/s 7.7 7.3 6.5 7.7
25mm size obstacles
Uppn = 0.1m/s )
V. = 0.45m/s 11.3 7.6 5.7
Ui, = 0.25m/s )
V.= 1m/s 8.1 6.5 4.8

Table 2. Turbulent intensities in percent within the inlet region.

The velocities in the region of the suction nozzle are
provided to complete the description of the experiments.
Figure 6 gives the mean dimensionless velocity field,
|||l / Vs, for the 12.5mm side square block in the vertical
plane at y = 5mm. This plane is close to the centre-axis of
the suction nozzle. The flow inside the suction nozzle is not
symmetric. This indicates that it is sensible to the mean
horizontal flow in the channel. In particular, a wake effect
appears in left part, for —0.5 < x* < 0, when the flow goes
into the suction nozzle.

Velocity profiles are plotted in Figure 7a for the axial
component and in Figure 7b for the vertical component

along the white dashed line represented in Figure 6. These
profiles highlight the non-symmetrical distribution of the
flow inside the suction nozzle. The suction velocity profiles
are close to a plateau for —0.2 < x* < 0.4 with a ratio of
the maximum of velocity to the mean velocity V, varying
between 1.2 and 1.4.

Figure 6. Dimensionless 2D temporal average, ||u||/U;,, in the
vertical plane at y = 5mm, namely close to the center of the channel.
Experiments with the 12.5mm side SB, U;, = 0.25ms™! and
V, = 1m s, Black velocity vectors have a unit length to indicate
the direction of the flow. White dashed lines represent the location
of the profiles plotted in Figure 7.

04— . 05— . )
> N I ®)
03f T S \ I
» Y
A\
02 / 05 «k

43 0 0s s

Figure 7. Dimensionless velocity profiles of (a) axial component
u/V, and (b) vertical component w/V are plotted at z = -15mm
and y = 5mm. The 12.5mm size SB, HC, RP and FP are plotted in
black, blue, red and green color, respectively (see online version of
this article for color coded version of this figure). Dashed lines
correspond to U, = 0.1ms™1, V= 0.45m s~ and solid lines
correspond to U;,, = 0.25m s, V, = 1ms™L.

3. Results and discussions
3.1.

Direct observations of the flow are performed to check
if some gas is entrained or not. The onsets of gas
entrainment are deduced from these observations.

The Figure 8 compares the present results with the ones
obtained by Kimura et al., 2009 in the case of experiments
with a flat plate. The results are close.

The Figure 9 provides gas entrainment mapping for the
six obstacles according to the inlet velocity, U,, and the
suction velocity, V;. When gas entrainment occurrences are
observed the symbols are filled. The boundaries between
the domains of gas entrainment and no gas entrainment are
represented with red dashed lines. These thresholds change
according to the shape and the size of obstacles. It is
observed that the large obstacles trigger the occurrence of
gas entrainment for lower suction velocities than for the
small obstacles for a given Uy,.

Gas entrainment mapping
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Figure 8. Gas entrainment mapping for the flat plate configuration. The
present results are plotted with diamonds and the one from Kimura et
al., 2009 are plotted with circles for water experiments and with
triangles for sodium experiments. Symbols are filled when there is gas
entrainment. The dashed line gives the threshold of gas entrainment
occurrence for the present study and the solid line is Q;, = Q.
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Figure 9. Gas entrainment mappings. SB of (a) 12.5mm and of (b)
25mm side; HC of (c) 12.5mm and (d) 25mm radius; RP of (e) 12.5mm
and (f) 25mm height. Symbols are filled when gas entrainment occurs.
The solid line indicates Q;, = Q;.
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Figure 10. The thresholds of gas entrainment are plotted with solid
lines and dashed lines for h,,s of 12.5mm and of 25mm respectively.
SB, HC and Ramps cases are highlighted using squares, circles and
triangles, respectively. The dashed line without symbol is the FP case.

The thresholds of gas entrainment are summarized in
Figure 10 for all experimental configurations including the
flat plate case. The cases can be ranked according to the
required to provoke gas entrainment for a given U;,. From
the smallest to the highest I, this ranking is given in Table
3 along with the average ratio, noted R, of the threshold
suction velocities to the one of the flat plate configuration.

Position Obstacles R

1 HC (hyps = 25mm) | 0.7
2 SB (hyps = 25mm) | 0.74
3 RP (h,ps = 25mm) | 0.84
4 RP (h,ps = 12.5mm) | 0.92
5 HC (hyps = 12.5mm) | 1
6 SB (hyps = 12.5mm) | 1.1
Table 3. Threshold of obstacles ranked according to the mean ratio, iRs,
of the threshold suction velocity to the one of the flat plate case.

Increasing size of obstacles promotes gas entrainment
and reverses the order of obstacles’ thresholds in term of
suction velocity. In the case of the 12.5mm size obstacles,
gas entrainment occurs with a smaller value of V; for the
ramp than for the square block and the half cylinder. In the
case of 25mm size obstacles, the ramp needs a higher value
of V; to induce gas entrainment than for the half cylinder
and the square block. Moreover, small obstacles trigger gas
entrainment for suction velocity close to the flat plate since
values of R are close to 1. However, increasing size of
obstacles triggers gas entrainment for smaller V; than the
flat plate configuration.

These results show that the occurrence of gas
entrainment depends both, on the structure and on the

intensity of the turbulent flow produced by the inlet
conditions. The differences observed for different inlet
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configurations may offer different test cases for MCFD
codes.

3.2.  Quantifications of gas entrainment and
surface swirls properties

The two modes of gas entrainment observed are:

« air bubbles are pumped through the suction nozzle®,

e a continuous surface swirl reaches the suction nozzle.

Figure 11 illustrates these two observed modes for gas
entrainment.

As the surface swirl is key to trigger gas entrainment,
this subsection describes the geometrical properties of the
surface swirl generated for the different flow
configurations before discussing and quantifying the gas
entrainment.

Figure 11. lllustration of gas entrainment through non-continuous (a)
and continuous (b) surface swirls. Associated videos can be found on
the online version of the paper.

3.2.1. Geometrical characteristics of the surface swirls

The Figure 12 gives three snapshots which illustrate the
positions of the surface swirls varying the inlet
configurations. The surface swirls positions are upstream or
downstream the centre of the suction nozzle according to
the inlet configurations.

1 15-15 -1 -05

. .
55 55 5§

Figure 12. lllustration of continuous surface swirls for 25mm side SB

(@), 12.5mm side SB (b) and PP (c) with U, = 0.2ms™! and

V, = 1m s~1. White dashed lines indicates planes z* = 2 and z* = 1.

Corresponding videos are available online.

Using image processing, described in section 2.3. , the
spatial positions of the surface swirls are measured at
z* =2 (i.e. 10mm bellow the free surface level) and at

% These bubbles are issued from the breaking of a surface swirls
which results in a non-continuous surface swirl as illustrated in
Figure 11a.

z* =1 as highlighted by the dashed white lines in Figure
12.

The dimensionless position of the center of the surface
swirls is introduced as:

Xss = (Xss — Xnoz) /D, (8)
where xz and x,,, denotes the x-axis positions of the
centres of the surface swirls and the suction nozzle,
respectively.

The probability distributions of x;; at z* = 2 are given
in Figure 13 for different inlet configurations and flow
intensities.
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Figure 13. Probability distribution of the dimensionless positions of
centre of the surface swirls, xj, at z* = 2. (a) FP; (b) and (c) SB of
sides 12.5mm and 25mm respectively; (d) and (e) HC of radius 12.5mm
and 25mm respectively; (f) and (g) RP of height 12.5mm and 25mm
respectively. Reynolds numbers, Re;,, are indicated in the figures’
legend. Black solid lines and blue dashed lines correspond to Reg =
22500 and 35000, respectively. Red dotted lines and green dashed-
dotted lines correspond to Re; = 50000.

These distributions are not far from Gaussian
distribution. The mean and the standard deviation of these
positions’ distribution varies with the obstacles, Re;, and
Re,. For the flat plate case (Figure 13a), the surface swirl
tends to be downstream of the suction nozzle centre with
xss = 0. For the cases with obstacles the surface swirl
tends to be upstream of the suction nozzle with xj; < 0.
For the 12.5mm size obstacles, the highest probabilities are
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observed around xg; =~ —0.5 for Re;,, < 13333. However,
for higher Reynolds numbers, they are around x;; = 0. For
the 25mm size obstacles, the highest probabilities locations
are more sensitive to Re;, values than for 12.5mm size
obstacles.

To complement the probability distributions of Figure
13, the temporal average of, xJ;, noted xZ;, and their
standard deviations, o/D, are given for z* =2 and z* =1
in Figure 14.

4

3)«110 :
* 1
! (a)
2.5¢ : R
1
: b
a
2t ! 1
1
i
o O B>
L5}t R 1
o (SR b
i
| I i
1 © 0 g o] o
= o . L
o D . [ P. »
0.5+ 54 |
L N ] " T
oo e | Vs
! i | b !
-(])5 1 -0.5 1] 0.5 1 1.5
x 10"
* i
; (b)
251 1 1
1
1
i
o
2t : '
i
i
o o [
1.5 : ]
oo CF i v
1t o O B - e
cob ol po, .
o D : . ’P L]
0.5t b0 T
- ..b 1@ E
Bomge 5§
L L l L L
R.S -1 -0.5 0 0.5 1 1.5

Figure 14. The parameter xZ; is plotted in abscissa and & in ordinate at
(@) z* =2 and (b) z* = 1. The 12.5mm and 25mm size obstacles are
respectively plotted with filled and empty symbols. Squares, circles,
triangles and stars are used for SB, HC, RP and FP inlet configurations
respectively.

The position xZ, is smaller for large obstacle than for
small obstacle. For the inlet configurations with obstacles,
X2, tends to be negative for large obstacle at z* = 2. The
spreading of x:, values is larger for z* = 2 than for z* = 1,
in particular for the configuration with obstacles. This is
due to the capture of the core of the surface swirls by the
suction outlet as illustrated in Figure 12. It can be noted
that for the configurations with small obstacles, xZ, tends to
be negative for z* = 2 and positive for z* = 1. For the
configuration without obstacles, xZ, > 0 for z* =1 and
z" = 2.

Figure 15 gives the dimensionless standard deviation of
X35, 00 = o/D, versus k for z* =2 and z* = 1. For the
configurations with small obstacles and the flat plate, &* is
found to increase with k. For the configurations with the
large obstacles, o* seems to fluctuate around a mean value
(a*). They are provided in Table 4 at two positions. Values
increase from the flat plate (0.23) to the square blocks (0.4)
at z* = 2 and are ranked with the same order between the
two obstacles’ size. Fluctuations are smaller for z* =1
than for z* = 2.

These results highlight the fact the positions of the
centres of the surface swirls strongly depend on the
different flow configurations and their underlying turbulent
structure.
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Figure 15. Plot of x versus ¢* for z* =2 (a) and z* =1 (b). The
configurations with 12.5mm and 25mm size obstacles are respectively
plotted with filled and empty symbols. Squares, circles, triangles and
stars are used for SB, HC, Ramps and FP cases respectively.

12.5mm 25mm
obstacles obstacles FP
SB |HC|RP | SB |HC | RP
z*=2 10.410.35|0.34| 0.4 |0.36/ 0.3 | 0.23
z*=1 0.21]0.25/0.21|0.25|0.27|0.23| 0.17

Table 4. (6*) at z* = 2 and z* = 1 for the configurations of Figure 15.
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The thicknesses of the surface swirls are exported at
z*=2 and z* =1 to build the Figure 16. It gives the
average values of the dimensionless thicknesses, L, =
L¢/D, versus k/k.. The parameter k. is a critical value of
Kk identified as the transition between two regimes for the
growth of LY. Its value is about 5500.

The configurations with the large obstacles generate the
largest diameters and the one with the flat plate the
smallest.

The thickness Ly increases like power laws of k/k,, i.e.
Lis~(c/x.)P, when x/k. < 1. The mean values of the
exponents £ are about 1 and 0.7 for z* =2 and z* =1
respectively. Fluctuation of the experimental points around
these laws are typically about 8% at z* = 2 and 16% at
z* = 1 which underline the good quality of this power law
approximations. The exponents § are estimated using least
square approximations. They are given in Table 5 for the
different flow configurations along with the normalized
standard deviations of the experimental points around these
laws. For k/k. =1, L does not increase significantly
with k/k. and it can be described as fluctuations around
asymptotic values.

Here again, a notable difference appears between the flat
plate and the obstacles at z* = 2 since power S of the flat
plate configuration is twice lower than the other
configurations. However, at z* = 1, the values of g are
more homogenous between the different configurations.

1

*
S5

0,1

0,1 1 10
x/ K

Figure 16. Dimensionless width of the surface swirls, L}, versus k/k,
with k. ~ 5500. Measurements at z* =2 and z* = 1 are separated
with a red dashed line. The inlet configurations with the 12.5mm and
25mm size obstacles are respectively plotted with filled and empty
symbols. Squares, circles, triangles and stars are used for SB, HC, RP
and FP cases respectively.

12.5mm 25mm size
size obstacles obstacles FP
SB|HC[RP|[SB|HC ][RP
z"=2

B 0.98|0.76 | 1.4 |0.93|0.88| 1.1 | 0.5
disp% |11.3| 6.4 |12.1| 17 | 3.2 | 2.8 | 5.7
z'=1

B 0.63| 0.4 10.69]1.13|0.65 | 0.88 |0.68
disp % |16.6]17.4115.2|18.4|136| 8 27

Table 5. Exponents of the power law approximation L:.~(x/x.)f and
normalized standard deviations of the dispersion of the experimental
points around these laws, noted disp, in percent.

3.2.2.

Total area of the entrained gas

The total area, Ayq,, Of the air entrained through the
suction nozzle is measured for the different inlet
configurations.

Given the depth of the suction nozzle (100mm) and the
range of suction velocities (see Table 1), the 25Hz
frequency of the camera is sufficient to capture all bubbles
during their crossing of the suction nozzle. However, the
air bubbles can collapse and change shape between to
frames. This makes bubble tracking methods difficult to
implement. Likewise, one difficulty to estimate A is to
count all the bubbles and to not count twice the same
bubbles in two different frames. Taking into account the
area of bubbles included in a subdomain of constant size
introduce a bias in the measurement. In particular,
considering the entire suction nozzle overestimates Ay,
since bubbles are counting twice.

When the bubbles are crossing down the suction nozzle,
two opposite forces/phenomena are applied to bubbles: the
downward suction flow and the buoyancy force. Moreover,
the flow is accelerated at the entrance of the suction nozzle
before being quasi-established further downstream. This is
particularly important for large bubbles that, for example,
can sometimes enter the suction nozzle and leave it from
the top without being entrained by the suction flow.
Nevertheless, these events are never observed when the
bubbles reach the bottom part of the suction nozzle. In
consequence, the areas of the air bubbles are counted over
a measurement domain starting from the bottom of the
suction nozzle with a depth depending on the flow.

Between two frames the displacement of the bubbles is
about V,,,;, /f where V,,,;, is the speed of the bubble and f
is the frequency of the camera. The domain of the suction
nozzle where the area of bubbles is measured is adjusted to
the flow conditions by roughly estimating V,,,;, /f. To do
so the suction velocity and the terminal velocity of a
spherical bubble of equivalent diameter are used. Without
the buoyancy effect, bubbles are considered to have a
displacement about yV,/f between to frames. The
parameter y is an empirical coefficient which relates the
fact that the velocity is not uniform within the suction
nozzle (see Figure 6 and Figure 7). For each suction
velocity, y is fixed according to the measured velocity
profiles to y = 1.25. The suction velocity is corrected by
the terminal velocity, noted V,,,,. For each bubble, the
value of V,,, is extracted from Haberman and Morton,
1953 as a function of the bubble radius ry,;,. The
displacement considered for a bubble is

then (VV; - Vbuoy(rbub))/f'
Hence, the area of a bubble, A,,;,, calculated in a
frame is taken into account in Ay, calculation if the
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coordinates of its centre, z,,, is within the domain
Zpup < ()/VS - Vbuoy(rbub))/f. The Figure 17 illustrates

this measurement domain.
The total area of entrained air in a recorded frame is
defined by:

Agas = Z c’q'bub (9)

Figure 17. lllustration of the calculation of the entrained gas area
through the suction nozzle. Bubbles’ area is taking into account in
Agas When bubbles are placed under the white dashed line defined

by Z=Zijm with Ziim = (st - Vbuoy(rbub))/f'

Figure 18 provides the dimensionless entrained gas area
Agqs/D? versus & The inlet configurations with obstacles
entrain more air than the flat plate configuration. Among
the cases with obstacles, the quantity of air pumped with
large obstacles is greater than with small obstacles. In
particular, for the two sizes, square blocks generate more
entrained air than the half cylinder. The greater quantity of
entrained air is induced by the large ramp whereas the
smallest quantity of air is entrained by the small ramp, so
that the ranking is inversed between the two sizes.

It can be observed that the large obstacles generate both
larger surface swirls and higher quantity of entrained gas.
Likewise, it is noticed that obstacles with a same size are
ranked in the same way in term of threshold and entrained
gas area.

Variation of dimensionless entrained gas area Agqs/D?
is approximated as power law &9 fitted to the experimental
measurements with the least square method. Adding
obstacles change significantly gas entrainment behaviour
since the slope of the flat plate is very larger than cases
with obstacles (see Table 6).

The total volume V., of entrained air is also estimated
adding each measured bubble area to the power of 3/2:
Vyas = 2001 A2, with N the number of bubbles. The
associated flow rate, Vj4s/tyis, Ccalculated on the
visualisation time t,;s,, (15min), is plotted in Figure 19. As
for the area A, experimental set of data are fitted with a
power law &Y which exponents are provided in Table 7.

As expected, values of y in Table 7 differs from 63/2
(Table 6) since the number of bubbles changes with ¢ and
several size of bubbles are entrained.
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Figure 18. Dimensionless entrained gas area Agas/D2 versus & The
inlet configurations with 12.5mm and 25mm size obstacles are
respectively plotted with filled and empty symbols. Squares, circles,
triangles and stars are used for SB, HC, RP and FP cases respectively.

12.5mm side 25mm side
obstacles obstacles FP
SB | HC | RP | SB | HC | RP

[ 43 | 46 | 38 | 36 | 28 | 3.7 | 96

disp 32 34 56 63 33 48 47

Table 6. Exponents, 6, of the approximated power laws giving the area of
entrained gas in function of &, i.e. Agus~§9 for the different inlet
configurations. disp is the dispersion (in %) of the experimental points
around these power laws.
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Figure 19. Plot of entrained volume V,,, during visualization time
t,isu- The inlet configurations with 12.5mm and 25mm size obstacles
are respectively plotted with filled and empty symbols. Squares,
circles, triangles and stars are used for SB, HC, RP and FP cases
respectively.
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12.5mm side 25mm side
obstacles obstacles FP
SB | HC | RP | SB | HC | RP

Y 55 | 58 | 645 6.8 4 4.7 112

disp 37 | 33 | 57 | 8 | 36 | 45 | 49

Table 7. Exponents, y, of the approximated power laws giving the volume
V a5 Of entrained gas in function of &, i.e. Vy,,~&7 for the different inlet
configurations. disp is the dispersion (in %) of the experimental points
around these power laws.

4. Conclusion

The objective of the present study is to investigate gas
entrainment through an experimental set up in water. Since
wakes of obstacles are expected to be present in Sodium
cooled fast nuclear reactor, obstacles, with different shapes
and sizes, are added at the channel inlet to produce various
inlet conditions. These new results reveal the dependence
of the gas entrainment to the triggers generating different
structures of the turbulent flows for similar bulk properties,
i.e. flow rates. These results complement the existing
knowledge issued from the experiments using the flat plate
configuration and open new perspectives.

The measurement of the suction velocity threshold
required to provoke gas entrainment show that small
obstacles behave similarly to the standard shear flow
generated using the flat plate configuration. The
configurations using the large obstacles tend to provoke gas
entrainment for lower values of the suction velocity than
the other configurations. Moreover, the ranked of the
obstacles in terms of suction velocity required to entrain
gas (at a given inlet velocity) is inversed between the two
sizes of obstacles.

To study the details of the flow physical mechanisms,
the occurrences and behaviour of the surface swirls are
described. Moreover, in the context of nuclear safety for
RNR-Na, it is important to quantify the volume of argon
entrained in sodium through the heat exchanger. Then, an
imaging processing tool is developed to detect the contour
of surface swirl and entrained bubbles from shadowgraphy.

The different inlet configurations influence the width
and the position of surface swirls. To our knowledge, the
quantification of geometrical properties of the surface is a
new result in the study of gas entrainment in open channel
flow experiments. For the configuration with obstacles,
they are larger and situated upstream from the suction
nozzle. For the flat plate configuration the surface swirls
are downstream the suction nozzle. It is found that for all
cases, their widths vary with a power law of k. Surface
swirl width increases with « for small obstacles and the flat
plate until a critical value of k at 5500. From this value, it
fluctuates around an asymptotic value for large obstacles.

The quantity of entrained gas is also estimated using a
method taking into account suction velocity and buoyancy
effect on bubbles. Here again, a power law of the entrained
gas area was found. It implies the dimensionless parameter
& where the role of Reynolds numbers is inversed
compared to the surface swirl width law. The flat plate

differs clearly from the cases with obstacles which are
assembled around a same power. Number of bubbles
change with values of & and several sizes of bubbles are
entrained through the suction nozzle.

To conclude, adding obstacles in the channel inlet area
modifies significantly the gas entrainment and the surface
swirl behaviour. In addition to provide new insights, it is
expected that the detailed study of the configurations
presented in this manuscript should offer interesting test
cases for numerical codes validation.
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