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Abstract Experiments are carried out to study the interaction of a spray
of spherical micronic oil droplets with a turbulent plane air jet impacting a
wall. The context is the separation of a contaminated atmosphere with passive
particles from a clean atmosphere by using a dynamical air curtain. A spinning
disk is used to produce the spray of oil droplets close to the air jet. The
diameter of the produced droplets varies between 0.3 and 7 pm. The jet and
particulate Reynolds numbers and the jet and Kolmogorov Stokes numbers
are respectively equal to Re; = 13500, 0.2 < Re, < 5, 0.002 < St; < 0.8
and 0.03 < Stx < 15. The ratio of the jet height to nozzle width is H/e =
10. The flow properties in the experiments are measured by particle image
velocimetry and are in good agreement with large eddy simulation results.
The droplet/particle passing rate (PPR) through the air jet is measured by an
optical particle counter. The PPR decreases with the increase of the droplet
diameter for the studied droplet size range. Whatever the droplet size is, the
PPR increases with time due to the presence of two large vortices on each
side of the air jet that bring the droplets back to the jet. The accuracy and
repeatability of the measurements are verified. The present results can be used
to validate Eulerian/Lagrangian numerical simulations on the interaction of
micronic droplets with a turbulent air jet.
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1 Introduction

Turbulent plane air jets impacting a wall and air curtains are used in industry
and housing for a wide range of applications. For instance, the wiping of liquid
films by impinging plane jets is used in the jet stripping process to control the
coating thicknesses in the paper and galvanizing industries [21,10]. Since air
curtains are able to partially confine cold and hot ambiances, they are used
for the housing air-conditioning, to reduce the thermal losses at the entrance
of buildings or between two rooms [12,42,41] and in the vertical refrigerated
display cabinets of food shops [30,9]. They can also be used as particulate bar-
riers, to separate a clean atmosphere from a polluted one [31]. Thus plane air
jets are used to reduce the spreading of fumes and gaseous pollutants in build-
ing and tunnel fires [16,13,11,24]. They are also used in manual workstations
and fume cupboards of laboratories for the aerosol confinement [4]. Recently
the effectiveness of personalized air curtains have been considered for reducing
the exposure to airborne cough droplets, in the context of COVID-19 [34,40].
In our applications, air curtains are used around abrasive rotative machines
to limit the outside propagation of the emitted particles [17].

The objective of the present work is threefold: (i) to present an original
experiment designed to analyze the interaction of micronic droplets with a
turbulent plane air jet separating two atmospheres, one contaminated by the
injection of a spray of oil droplets, the other initially uncontaminated; (ii) to
evaluate the efficiency of this air jet as a particle barrier by measuring the
time evolution of the droplet or particle passing rate (PPR), globally and
for each class of droplet size; (iii) to provide reference experimental results
to validate Eulerian/Lagrangian numerical simulations on the interaction of
micronic droplets with a turbulent air jet.

In the literature, the research works on jets of rectangular cross section are
very numerous. The present review is limited to some main experimental works
on plane jets in the fully-developed turbulent regime, for jet Reynolds numbers
larger than around Re; = 5000. The free jet space development presents four
main regions in the direction of the mean flow along the jet axis: the potential
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core just after the nozzle, a transition zone, a fully-developed region in which
the velocity profiles are self-similar and the terminal zone in which turbulence
is dissipated and the mean velocity tends to zero (Rajaratnam (1976) [33]). The
mean velocity decreases along the jet, while the turbulence intensity increases
to reach values around I = 20 to 25% in the fully developed region (Gutmark
and Wygnanski (1976) [15] and Namer and Otugen (1988) [29]).

The dynamics of a turbulent jet impinging normally onto a flat surface is
analyzed experimentally by Gutmark et al. (1978) [14] in air and by Khayrul-
lina et al. (2017) [19] in water. A recent review on this configuration and air
curtains is proposed by Khayrullina et al. (2017, 2019) [19,20]. For impinging
jets, the free jet development region after the nozzle is amputated from the
terminal zone which is replaced by the impinging region close to the impact
wall. The impinging region is composed by the deflection and stagnation zones
of the jet, in front of the nozzle, and by the wall jet zones in which two sec-
ondary jets develop on each side of the main jet, parallel to the impact wall
(Beltaos and Rajaratnam (1973) [8], Martin (1977) [25]). The mean and tur-
bulent velocity profiles of impinging jets depend on the jet height to nozzle
width ratio, H/e, the jet Reynolds number, Re; = eV 4, 0/v, with Vg, o the
average jet velocity at the nozzle outlet, and the turbulence intensity at the
jet nozzle outlet, Iy. The influence of Re; and H/e is analyzed in details by
Maurel and Solliec (2001) [27] on the flow dynamics and by Tu and Wood
(1996 [38]) on the pressure field on the impact wall. The stability of the jet
and its flapping around the wall stagnation point are studied by Antonia et
al. (1983) [2] and Senter (2006) [35]. Arthurs and Ziada (2011) [3] analyze
the Fourier spectra of the velocity field along the jet to detect the frequencies
associated to the Kelvin-Helmholtz instabilities and the jet flapping.

The research works on the particle confinement by plane jets generally pro-
vide global results on the confinement efficiency as a function of the air curtain
parameters. Nino et al. (2011) [31] studied the confinement by air curtains of
different thicknesses, subjected to an orthogonal jet of droplets. A spray of
multi-dispersed water droplets of average diameter 6.27 um is generated us-
ing an airbrush. The study was carried out for different Reynolds numbers
of the air curtain (from Re; = 4500 to 25500), different nozzle thicknesses
(e =1, 2 and 4 em) and different distances between the air jet and the injec-
tion point of the droplet spray (from 10 e¢m to 2 m). The main result is that
the air curtain limits the transfer of droplets for the large Reynolds numbers,
Re; = 25500 and 16500, for which a confinement efficiency higher than 95% is
obtained whatever the configuration for e = 1 and 2 ¢m. On the other hand,
for e = 4 c¢m, the droplets pass through the air curtain whatever the condi-
tions. At a fixed Reynolds number, the air curtain being thicker, its speed is
lower and this leads to a drop in performance of the air curtain, allowing the
droplet passage. The experiments by Luo et al. (2013) [23] on smoke confine-
ment also showed that the width of the air jet played an important role on
the confinement. It is all the more effective as the air curtain is wide for a jet
speed fixed at 10 m/s. Shih et al. (2011) [36] experimentally and numerically
showed, with gaseous ethanol as pollutant, that the height H of the air jet
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also influences the confinement efficiency: it is higher the lower the height of
the jet.

Previous research works that analyzed in depth the evolution of the passing
rate of the particles along the jet, or as a function of the particle diameter,
are quite rare in the literature. To our knowledge, only Maurel (2001) [26]
in his PhD thesis experimentally compares the velocity profiles along the jet
with the concentration profiles of a gaseous tracer injected at the nozzle level.
Two seeding methods are used. In the first, a gaseous tracer is injected in the
entire air jet at the level of the blowing nozzle. In the second method, only
half of the jet is seeded. The goal is to quantify the mass transfer through the
jet and locate the place where it mainly occurs, from the measurement of the
tracer concentration along the jet. Three jet aspect ratios are tested: H/e = 5,
25 and 50, for Re; = 13500. For a very confined jet (H/e = 5), the mass
transfer appears only at the end of the potential cone and increases rapidly
at the level of the impact zone. For the ratios H/e = 25 and 50, a progressive
decrease in tracer concentrations (increase of mass transfer) is observed after
the end of the potential cone. Moreover, the more H/e increases, the lower
the concentration and the average velocity on the jet axis and the more the
air curtain is permeable to the passage of pollutants. The experiments by
Maurel and Solliec (2001) [27,26] are partially reproduced by Large Eddy
Simulations (LES) by Beaubert and Viazzo (2002, 2003) [5-7] for H/e = 10
and Re; = 3000, 7500 and 13500. Two numerical methods are used in [5] to
determine the space and time evolution of the concentration of a passive tracer:
a Lagrangian simulation of passive particles at Re; = 3000 and the solution of a
filtered concentration equation at Re; = 7500. The concentration profiles along
the jet axis from the LES [5] are in qualitative agreement with the experimental
results [26]: they show an increase of the mass transfer through the jet along the
jet axis, with a maximum located at the end of its developed zone (beginning
of the impact zone) where the turbulence intensity is maximum.

The configuration of the present experiment is similar to that in Maurel
and Solliec (2001) [27,26] and Beaubert and Viazzo (2002, 2003) [5,7]: it is
a vertical plane air jet of aspect ratio H/e = 10, at Re; = 13500, confined
between two horizontal flat plates and impinging normally onto the bottom
plate. The air jet is crossed by a spray of micronic spherical oil droplets pro-
duced by a spinning disk. In section 2, the air jet dynamics is studied from
PIV measurements, without injecting droplets or particles. In section 3, the
spinning disk used for the droplet injection is presented and its influence on
the air jet is analyzed. A special care is taken in the characterization of the
generated spray of oil droplets and in the analysis of the influence of the oper-
ating conditions. In section 4, the spray is injected close to the air jet and the
passage rate of the oil droplets through the jet is analyzed from concentration
measurements with an optical particle counter (OPC). Note that droplets are
referred to interchangeably as droplets or particles throughout the article.
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2 Study of the impacting plane air jet without particle
2.1 Description of the experimental facility and PIV metrology

In order to characterize impacting plane air jets, the experimental device of
Fig. 1 (left) was designed. A vertical plane air jet is generated by a centrifugal
fan that blows air through a divergent and convergent channel, then through
a rectangular nozzle of section width e = 3 mm in z-direction, length d, =
117.6 mm in vertical y-direction and depth d, = 200 mm in z-direction. This
nozzle was manufactured by 3D printing with a stereolithography method
with layers of 100 microns to obtain a smooth surface. The nozzle aspect ratio
d,/e = 66.7 ensures that the flow is statistically two-dimensional and free
from the side wall effects when taking measurements in the transverse mid-
plane of the jet at z = d,/2 [32]. The nozzle outlet is located in the middle
and flush with the upper horizontal wall of a rectangular channel of height
H = 3 ¢m in the vertical y-direction, depth d, = 200 mm in z-direction and
length L, = 60 ¢m in the horizontal z-direction (30 ¢m on each side of the jet).
The jet average velocity at nozzle outlet is V(w,O = 65 m/s and the maximum
average velocity is Vo = Vo(z = 0) = 69.23 m/s. The jet Reynolds number
Re; = Vap0e/v = 13500 and the opening ratio H/e = 10 are fixed in all the
study.

Centrifugal fan Seeding with

VMEC APE401/A tracer particles 1 oo 09— r 0.2
0o ] ™ fos
Divergent 08 V" "\ [ 016
{: |
Convergent 0.7 ’ 5‘ +V/V f ; r 014
Nozzle 2061 1 . Vb0l o
e=3mm. Confinement top plate \ —o-v)/\, ' \' >
| 3 0.5 \ 2 ' o1 .3
/1%, R > . S
I\ 04 f § 78k 008
= / _ \ 1
. / 7 o3 \ / [ 0.06
¥ Laser \ /
') 2x65mJ at 15 Hz, 532 nm 0.2 { L —$. I 004
Impingement plate 0.1 $=0 =0 0= 6-0 000 ~0- 0= 0-¢ [ 002
0 St ! | | S 0
Camera -1 -08 -06 04 -02 0 02 04 06 08 1

4M-2072 X 2072 px, 32fps /e

Fig. 1: Left: sketch of the experimental facility. Right: PIV horizontal profiles
of the time averaged vertical velocity, V/Vp, and turbulence intensity in the
vertical direction, vj/Vp, at the nozzle exit.

The analysis of the velocity field is carried out by particle image velocimetry
(PIV). A Dantec Dynamics DualPower Nd-Yag laser S65-15 (65 m.J, 15 Hz)
and a fast camera FlowSense EO 4M-32 of 2072 x 2072 pixels? are used. To
eliminate highlight phenomena, the confinement top plate and the impinge-
ment bottom plate were alternately coated with layers of matte black paint
and rhodamine in order to force the laser reflections to be in the wavelength
range 527-532 nm. Then a specific lens was used on the camera to precisely
filter these wavelengths. Olive oil droplets are used as a tracer. They are in-
jected directly at the fan level with a micron aerosol generator TSI 9306. Due
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to their volume fraction and their sub-micron diameter, these oil droplets are
considered as passive particles in the air flow. A PIV system resolution of
2072 x 600 pixels? was used to visualize only the area of interest around the
air jet and minimize computation time. The camera is placed at a distance of
50 ¢m from the laser vertical plane. The PIV processor ensures synchroniza-
tion between the laser pulses and the camera shot. It saves the images in a
buffer memory before transferring them to the storage disk on the acquisition
PC. The buffer can store 366 pairs of images (732 independent samples) while
operating at 15 Hz. The 366 pairs of images were considered to minimize er-
rors when calculating the time averages and root mean square errors (RMSE)
of the velocities. For the post-processing of the pairs of images, the ”adap-
tive correlation” method was used with interrogation windows of dimensions
8 x 8 pixels? and with an overlap rate of 75% in both directions x and y.
All the specifications of the laser and camera and the details of the followed
experimental protocol are given in [17].

2.2 Analysis of the velocity field in the plane air jet without particle

In this section, the horizontal, U, and vertical, V', velocity components of the
velocity vector, V, measured in the transverse vertical median plane of the
jet at z = d./2 are analyzed. The time averaged velocities are denoted with
an over-line (U, V), the RMSE in lowercase with a prime (u/, v’) and the
velocities at the nozzle outlet, at y = 0, with a zero subscript. The maximum
time averaged velocity on the jet axis at nozzle exit is simply denoted by
Vo. The horizontal profiles along the nozzle exit of the time averaged vertical
velocity, V/Vy, and turbulence intensity in the vertical direction, v}/Vp, are
plotted on Fig. 1 (right). The time averaged velocity profile is symmetrical
through the vertical median plane of the jet, z = 0. The turbulence intensity
is approximately equal to 2.6% for |2z/e| < 0.6 and presents two peaks in the
boundary layer whose maximum intensity is around 18%.

The PIV measurements are compared with the LES results by Ikardouchene
et al. (2019, 2021) [17,18]. These LES are performed with the CFD code
ANSYS/Fluent v18.2 using the WALE model for the sub-grid effects [1]. The
numerical configuration imitates that of the experiments. The computational
domain is a 3D rectangular box of size L, x Ly (H)x L, =243x30x18.84 mm?
in the horizontal, vertical and depth directions respectively. The vertical plane
jet is injected into the domain by a nozzle of section L, x e = 18.84 x 3 mm?
located in the center of the upper horizontal wall. The time averaged velocity
profile, Vo(z), measured at the outlet of the nozzle in the experiments (see
Fig. 1 (right)) is interpolated and imposed as inlet boundary conditions in the
LES. The average speed of this velocity profile is V4, o0 = 65 m/s. Due to the
physical property values chosen in the numerical simulations, the jet Reynolds
number is equal to Re; = 13350. Turbulent fluctuations are added to the
average velocity profile of the inlet boundary condition by using a ”spectral
synthesizer” [1] with a turbulent intensity I = 2%. No slip boundary conditions
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are imposed on the horizontal walls and periodic boundary conditions on the
front and back faces in z-direction. The air jet impacts the lower wall and
horizontally flows out through the left and right vertical openings, at x =
+L,/2, considered at atmospheric pressure. A non-uniform Cartesian mesh of
size Ny x Ny x N, =236x150x64 cells (y,},,, < 5.6) is used. The time step is
At = 107% 5. The time duration for the statistics is 0.1 s. More details about
the geometry, mesh and numerical methods are given in [17,18].

Fig. 2 shows the streamtraces of the time averaged velocity field in the
vertical median plane at z = d,/2 in our PIV experiments and at z = L,/2 in
the LES. The high-velocity air jet generates a symmetrical time-averaged flow
through the median plane x = 0, with two large recirculations on either side
of the jet. The recirculation centers are located at |z| = 6.3 £ 0.3 ¢m in PIV
and at |z| = 6.0 £ 0.5 em in the LES.

o——
v [m]f
l0.005
-0.01
0.015 N
-0.02

0.025

T ——
o O?(). 12 -0.1 -0.08

0.7 X [m]o.12

Fig. 2: Streamtraces of the time averaged velocity in the vertical median plane
of the jet, at z = d,/2 in the PIV experiments and at z = L. /2 in the LES.

Figs. 3 to 5 show fields and profiles of the velocities measured by the present
PIV. They are denoted "PIV” with turquoise stars in the captions of Figs. 4
and 5. They are compared, for the same configuration at Re; = 13500 and
H/e = 10, with the experimental results by Maurel (2001) [26] and Maurel and
Solliec (2001) [27] (denoted ”Exp Maurel” in the captions), the LES results
by Beaubert (2002) [5] and Beaubert and Viazzo (2003) [7] (denoted ”LES
Beaubert”) and our own LES results (denoted "LES (Wale)”). The different
zones of the jet (potential core, developed zone, impact zone; see Fig. 4a)
are recovered by the PIV measurements, as well as the turbulent fluctuation
intensities. In particular, the maximum turbulent intensities are located close
to the impact zone of the jet where they can reach 17 m/s for u’ (see Figs.
3b and 4b) to 26 m/s for v’ (see Fig. 4c). From the view point of the air
curtain, these high turbulent intensity zones are the weak zones of the air
curtain through which the particle transfer by the turbulent fluctuations is
maximum [26,5]. Fig. 5 presents experimental and LES transverse profiles of
the time averaged x- and y-velocity components, at different heights through
the jet. All these profiles are in a good agreement. Thus all the present PIV
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measurements agree well with the literature results, both for the time averages
and the RMSE of the velocities. Other validations, available in [17], were
carried out by comparing other vertical and transverse profiles of the velocity
components, pressure, Reynolds stresses and half width of the jet and Fourier
spectra of time signals. All these results being also in good agreement with
the reference results, it can then be considered that the test bench and the
metrology used for the impinging air jet analysis are validated.

-
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Fig. 3: PIV fields of time average and RMSE of the velocity in the transverse

vertical plane of the jet at z = d. /2.
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Fig. 4: Profiles of the time averages and RMSE of the z- and y-velocity com-
ponents along the jet y-axis, at Re; ~ 13500 unless otherwise stated.

3 Study of the spinning disk and generated droplet spray
3.1 Influence of the operating conditions on the droplet spray

To study the interaction of particles with the impacting plane air jet, a spray of
olive oil droplets is generated, but it is injected using the spinning disk method
[39]. The aerosol generator TSI 9306 used for PIV is inactivated when the
spinning disk is activated. The spinning disk principle is the fragmentation and
dispersion of oil droplets under the centrifugal force of a rotating disk (Fig. 6).
The advantage of this device is that it allows the injection of inertial particles
without additional airflow which would be likely to modify the properties of
the impacting air jet located nearby. In our experiment, the spinning disk
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Fig. 5: Profiles of the time averages of the z- and y-velocity components along
the horizontal lines at y/e = 0.8, 5 or 9.2 and z = d,/2, at Re; ~ 13500.

is mounted on a rotative engine Dremel 8200 having a nominal maximum
rotation speed w = 30000 rpm. An oil dash is deposited onto the center of the
rotating disk (Fig. 6, right) under the action of the gravity force, from a 5-liter
oil tank kept at a constant level. The tip of the liquid supply pipe is located
nearly in contact with the disk center to create a capillary effect and ensure a
continuous oil supply to the disk. The supply pipe contains a tap connected
to a valve which allows the flow rate to be adjusted. Fairly low flow rates are
imposed in order to obtain a stable and homogeneous generation of droplets.
We have verified that this system makes it possible to impose the same oil flow
rate from one test to another. We measured that the total angle of the spray
ejection cone from the spinning disk is very small, around 3 deg. We can then
consider that the droplets are ejected horizontally when the spinning disk is
horizontal.

SKC suction pump

486 imin ):I\
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Air supply Leveltank| o (5 )
controlled by
flow meter
T=—T"12Umin

GRIMM Optical Particle
Counter 1.2 Umin

sphere

Droplets
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. Stopcock
isokinetic sampling
4.86 Uminimi

Filtration box
4.86 limin

% s
. 5 g2
Oildroplet |~ SoSSeeeee
S B
N

Zoom
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Fig. 6: Experimental test bench for the measurement by the Optical Particle
Counter (OPC) of the concentration and size of the oil droplets emitted by
the spinning disk and zoom on the spinning disk principle and characteristics.

To characterize the concentration and the size distribution of the oil droplets
generated by the spinning disk, the test bench presented on Fig. 6 was used.
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It consists of a closed volume in which the droplets are produced from the
spinning disk, a suction pump to convey the droplets towards a homogeniza-
tion sphere, and a GRIMM Optical Particle Counter 1.108 (OPC) which takes
an isokinetic sample of the gas/droplet mixture. The OPC measures the size-
resolved number concentration per liter of the droplets in the size range of 0.3
to 20 microns. In order to allow isokinetic sampling, the flow rate of air and
droplets sucked by the GRIMM counter (= 1.2 I/min) is exactly compensated.

First we analyzed the influence of several operating conditions acting on
the measured concentration and size distribution of the droplets in the spray.
For these tests, sprays of water droplets were considered to prevent possible
fouling due to oil use. Some of the results obtained with water are presented
in Fig. 7. We checked that same qualitative results are obtained with olive oil
sprays. The studied parameters were the distance between the spinning disk
and the tip of the collection tube of the OPC for 5 < diype—daise < 15 cm,
the disk diameter for 3.2 < Dy < 6 ¢m, the spinning disk rotation speed for
15000 < w < 30000 rpm, the length of the droplet collection tube of the OPC
for 5 < Liype < 25 cm, and the injection flow rate of the liquid deposited on
the spinning disk (0.21 < 7 < 5.9 g/min for oil and 2.7 < m < 9.7 g/min for
water). For all these initial tests, the droplet generation and the sampling were
done over 5 minutes to have statistically converged and significant results. Each
test was repeated between 3 and 5 times to determine the standard deviation
of the measurements. And, before each measurement, the residual particle
number in the ambient air was measured and subtracted from the results. In
Figs. Tc, we observe that the residual number of droplets by air liter (green
and blue curves) decreases with the increase of the droplet diameter, D,,, and
is very low for D, > 1 um (smaller than 100 or even 10 droplets by liter).

7E+04 1E+05
4E+04 1
BE+04 — tubelength 25cm) 1B+04 5
SEv0d ——tubelength 5 cm 1E403 9
3E+04 —
S 4E+04 H 1E+02
5 5
& S2E+04
5 3E+04 1 o S1Ev01 o
2E+04 1E+00 o
1E+04
1E+04 | 1E-01
0E+00 0E+00 1E-02 |
[) 1 4 0 4 5

2 3 2 3 2 3
Droplet size (um) Droplet size (jum) Droplet size (um)

(a) Influence of the spin- (b) Influence of the length (c¢) Influence of the water
ning disk rotation speed w of the OPC collection tube mass flow rate m (Liype =
(Ltube =25 cm) Liype (w=30000 rpm) 25 ¢m, w=30000 rpm)

Fig. 7: Influence of several parameters on the number concentration and size
distribution of the droplets in the case of a water spray, for Dy = 3.2 ecm
(T =~ 21.4°C, RH ~ 67%).

It has been checked that the distance diype—qisk between the spinning disk
edge and the OPC collection tube tip, upstream the homogenization sphere,
has a negligible influence on the measured droplet size distribution (not shown
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here). It appeared that the higher the disk diameter, Dy, the less reproducible
was the spray generation because the more important was the standard devia-
tion of the concentration measurements. Therefore, the smaller disk diameter
Dy = 3.2 em was retained for all the experiments. As shown on Fig. 7a, the
higher the disk rotation speed w, the larger the generated number of droplets
is. Therefore, the maximum rotation speed w = 30000 rpm was retained for
the following experiments with a spray of water droplets. It was also observed
that the number of droplets decreases as a whole when their size increases
from D, = 0.3 to 4 pm and the number of particles of size greater than
5 pm is extremely small. However this was partly due to the droplet collec-
tion tube of the OPC whose length was equal to Liype = 25 ¢m and internal
diameter to Diype = 2 mm in these preliminary experiments. Indeed Fig. 7b
shows that the length of the droplet collection tube, for Liyp. = 5 and 25 cm,
has a great influence on the measured number concentration for the larger
droplets of diameter D, > 3 wm. This is most likely due to the deposition of
the bigger droplets on the wall of the long collection tube. For this reason, a
short collection tube of length Lype = 5 ¢m and Dyiype = 2 mm was used in
the final experiments with the oil droplet spray. However since the number of
droplets of diameter D, > 6 um always remained very small, the abscissa of
the presented graphs are limited to D, = 5 wm even if some droplets of higher
diameter were sometimes detected. The influence of the liquid mass flow rate
1 deposited on the spinning disk is presented on Fig. 7c. Is is observed that
the measured number concentration is proportional to 7. For this reason, we
always selected the smaller injection mass flow rate, particularly for the olive
oil sprays (m = 0.21 g/min), to avoid fouling the experimental bench and the

OPC.

3.2 Characterization of the spray of oil droplets

In order to limit the possible effects of evaporation of water droplets in 10
minute experiments, we decided to generate olive oil sprays. This choice was
made in view of its preferred use in PIV to measure the speed of the fluid
particles along their trajectory. We also observed a very stable generation of
the oil spray by the spinning disk, i.e. a stable number concentration over time
(see [17] for details). The parameters retained for all the experiments of this
paper with an oil spray injection by the spinning disk are given in Tab. 1.
Note that the rotation speed was slightly reduced at w = 23000 rpm for the
experiments with an oil spray because small variations of w were measured at
the maximum nominal value of the rotative engine.

We first measured the granulometry of the generated oil droplets (Fig.
8). Five tests presented in Fig. 8a were done. As it can be viewed, a good re-
peatability of the measurements was verified. The number concentration of the
droplets decreases as their diameter increases. The number of droplets with
diameter D, > 6 pm is very small, on the order of 103 droplets per air liter,
with a relatively important dispersion. On the other hand, for D, = 5 um, the
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Table 1: Physical properties at atmospheric pressure and ambient temperature
and parameters of the OPC and spinning disk for the experiments with an oil

droplet spray.

Designation Symbol Value

ambient temperature T 21 to 24°C
relative humidity RH 55% to 70%
olive oil density Pp 920 kg/m3>
olive oil surface tension op 0.032 N/m

air density p 1.2 kg/m?3

air dynamic viscosity °w 1.8 107° kg/m.s
air kinematic viscosity v 1.5 107% m?/s
spinning disk radius Ry 1.6 cm
spinning disk rotation speed w 23000 rpm
tangential speed of the spinning disk edge Vi =Rqw 38.5m/s

oil injection mass flow rate on the spinning disk m 0.2 g/min
suction flow rate of the OPC and isokinetic sampling Qs 1.2 I/min
length of the OPC tube for the droplet collection Liube 5cm

diameter of the OPC tube for the droplet collection Dyype 2 mm
distance between air jet axis and OPC collection point  diype—jet 20 cm
horizontal position of the spinning disk edge Tinj 1cm

vertical position of the spinning disk Yinj 17 mm
duration of spray injection and OPC measurements tinj 5 to 10 min
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=1E+05 - 3E+05 |
= |
| 1
& ] =
S 1E+04 - §_1E+05 -
g ? °
o 1E+03 E 3E+04

1E+02

1 2 3 4 5 6 7 8 1E+04

size (um)

(a) Size distribution of the oil droplets in five

1

2 3
Droplet size (um)

(b) Mean size distribution of the oil droplets

tests. with standard deviation.

Fig. 8: Average number concentrations and size distributions of the generated
droplets within the olive oil sprays.

number concentration, although still low, is not negligible. Therefore the mean
concentration of the five tests is presented on Fig. 8b only for 0.3 < D, <5 um,
with very small error bars equal to the standard deviations. We can then con-
clude that the spinning disk generates oil droplets of diameters ranging from
0.3 to 5 pum with a number concentration that decreases almost monotonously
with D,,. Fig. 8b will be able to be used as input data for numerical simulations
which would attempt to reproduce the present experiments.
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From the physical properties of air and olive oil of Tab. 1 and the data
on the intensity of the turbulent fluctuations in Fig. 4, it is possible to eval-
uate a priori the dimensionless parameters characteristic of the behavior of
the oil droplets in the present flow as a function of their size (see Tab. 2).
The particulate Reynolds number, Re, = D,|V — V,|/v, is estimated by
considering that the velocity difference between the air flow and the droplets
is at maximum on the order of the turbulent velocity fluctuations that is
around |V — V,| = |V'| = 10 m/s. The drag coefficient is approximated
by Cp(Rep) = a1+ Igj,, + ﬁé’g where the constants a; (i = 1,2,3) are given
by Morsi and Alexander [28] as a function of Re,. The particle relaxation

2
time under the drag force effect is defined as 7, = p{’g[; L Csz%e,, [1]. The Stokes
numbers associated with the turbulent large scale or the jet scale are de-
fined by St; = 7,/7; and the one associated with the Kolmogorov scale by
Stk = 7, /7K. In these definitions, 7; is the characteristic time for a droplet to
cross the half width of the jet under turbulent fluctuations. It is evaluated by
7; ~ e/(2[V']) & 1.5 x 107* s. It can also be considered as the characteristic
time associated with the turbulent large scale (Kelvin-Helmholtz vortices). 7x
is the time associated with the turbulent small scale (Kolmogorov scale): it is
defined by 75 = (%)'/2 with € the turbulent dissipation. It can be approxi-
mated using the turbulent viscosity, v¢, computed in the LES of the present
air flow. Indeed, by considering the equilibrium between the production and
dissipation of the turbulent kinetic energy and the LES Wale model [1], it can
be shown [17] that € ~ |v|* /(Cw ), where Cy = 0.325 is a constant of the
Wale model, A = J/AzAyAz ~ 6.107° m is the LES filter size linked to the
used mesh, and |v¢| ~ 3.75 x 1075 m?/s is the average value of the turbulent
viscosity in the air jet computed in the simulations described above. Therefore
i & (Cyw N)?v1/?) \Vt|3/2 ~ 8.75 x 107% 5. Finally the nature of the collision
between two droplets is a function of the Weber number We = ppr%Tele /op,
where V), i is the relative velocity between two colliding droplets that can be
approximated by Vj, re; &~ |[V’'| &~ 10 m/s and o, is the droplet surface tension.

Thus, from the parameter values of Tab. 2, it appears that the air flow
around the spherical droplets presents small inertial effects (non-Stokian be-
havior) whatever D, since 0.2 < Re, < 4.8. The droplets of size D, < 4 um
can be considered as passive scalars transported by the jet and the turbulent
large scales since St; < 0.3. On the other hand, from the view point of the
turbulent small scales, the droplets of size 3 < D, < 7 pum present inertial
effects because 3 < Stx < 14.4. The droplets of size D, < 0.8 pum still have
a passive scalar behavior for the small turbulent scales because Stx < 0.2.
Since the Weber number range is 2 < We < 20 for 0.8 < D, < 7 pum, co-
alescence of these droplets are possible. Furthermore, from [37], two droplets
can only be submitted to bouncing or coalescence after collision, according to
their impact parameter and the angle between their trajectories (reflexive and
stretching separations, with satellite droplets, are not possible). Finally, due
to the small size of the oil droplets in the present study, their break-up un-
der the shear rate of the air flow is not possible. Indeed, an overestimation of
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Table 2: Parameters associated with the oil droplets of the spray as a function
of their diameter.

Dy [pm] Rep, Cp Tp [8] St; Stx  We
0.3 0.21 1165 2.58x10~7 0.002 0.03 0.86
0.4 0.27 87.90 4.56x10~7 0.003 0.05 1.15
0.5 0.34 70.87 7.07x10-7 0.005 0.08 1.44
0.65 0.44 55.23 1.18x10~% 0.008 0.14 1.87
0.8 0.55 4549 1.76x10=6 0.012 0.21 2.30
1 0.68 37.09 270x10"% 0.018 0.32 2.88
1.6 1.10 1822 879x1076 0.059 1.03 4.60
2 1.37 1534 1.31x1075 0.087 152 575
3 2.05 11.09 2.71x10~5 0.181 3.16 8.63
4 2.74 8.80 455x107% 0.304 5.31 115
5 342 7.37  6.80x1075 0.453 794 144
6 411 6.39 941x107% 0.627 11.0 17.3
7 4.79  5.68 1.23x10~% 0.823 144 20.1

the shear capillary number Ca = %, where || is the shear rate, provides

Ca < 5.107° for D, < 7 uwm. That is four magnitude orders below the critical
value of the capillary number for the appearance of droplet breakup in the
present configuration [22].

3.3 PIV measurement of the oil droplet speed in the spray

If it is considered that the oil droplets are ejected from the spinning disk at
the tangential velocity of the edge of the spinning disk in the ambient air
at rest, then the larger droplets of diameter D, =5 pm have a particulate
Reynolds number Re, = D,V, ;/v = 13 with an initial velocity V,,; =V, =
38.5 m/s (see Tab. 1). A Lagrangian model expressing the balance between
the inertial and drag forces (by neglecting the gravity force) can be used to
evaluate the distance x,(t) traveled by the droplet from the ejection time
t = 0, by considering the oil droplets as solid spheres. It is simply obtained
that x,(t) =d, (1 — e~ ¥/™), with d, s =V}, ;7, the droplet stopping distance
and 7, the particle relaxation time already defined above. For D, =5 um
and Re, = 13, it is found that Cp = 3.5 [28], 7, = 3.7 x 1075 s and the
stopping distance of the larger droplets is only d, s = 1.5 mm. In reality,
this theoretical computation of the stopping distance is oversimplified and
not representative of the phenomena observed in the experiments because the
ambient air is not at rest: an air flow is generated in the immediate vicinity
of the spinning disk due to its high rotational speed and the ejection of the
oil droplets. PIV measurements were therefore performed to determine the
trajectory and velocity of the oil droplets ejected from the spinning disk.
The PIV measurements of the droplet speed were done without the pres-
ence of the plane air jet, in a radial vertical plane that passes through the
spinning disk axis, as illustrated in Fig. 9a. It presents the velocity vectors in
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blue in a vertical plane located near the rotating disk. The velocity is maxi-
mum where the blue color is denser. Figs. 9b and 9c show the evolution of the
average velocity and RMSE of the droplet velocity along the lines 1 and 2 (see
the legends of Fig. 9). The droplets are ejected horizontally from the edge of
the disk with an average speed close to U, ; = 11 m/s which decreases rapidly
and loses more than 2/3 of its initial value in just 12 mm. Then the droplets are
deflected downwards probably under the effect of the ambient airflow. Along
the red line of Fig. 9a, the speed of the droplets continues to decrease until
approximately s = 28 mm from the edge of the disk (see Fig. 9b). It then
reaches a constant speed of the order of 0.8 m/s which corresponds to the
average speed of the ambient air flow. Note in Fig. 9¢ the high amplitude of
the RMSE of the droplet velocity, which is of the order of magnitude of the
average speed, all along the measurement lines.
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(a) Velocity vectors from PIV. Black line = “line 1” and red line = “line 2” in Figs. 9b, 9c.
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Fig. 9: (a) Velocity vectors from the PIV (in blue) in a radial vertical plane
near the spinning disk (without plane air jet). (b, ¢) Time average and RMSE
of the horizontal velocity component of the oil droplets as a function of the
curvilinear coordinate, s, along the two black and red lines of the top figure.

3.4 Influence of the spinning disk on the plane air jet development

It was checked by Ikardouchene et al. (2019, 2021) [17,18] that the presence of
the spinning disk near the air jet does not disturb the latter. This verification
was performed using the same PIV test bench as that described above by
placing the spinning disk in a horizontal position, with its edge at x = 10 mm
from the median vertical plane of the jet. The same PIV velocity profiles as
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in Fig. 4 were measured in three cases: in the absence of the rotating disk, in
the presence of the disk stopped and in the presence of the disk rotating at
w = 30000 rpm. The average and RMSE velocity profiles of the three tests
almost overlapping (see Fig. 5 in [18]), it was concluded that the disk has no
impact on the development of the air jet when the distance between the two is
10 mm. That is why, in the present experiments, the spray injection distance
Zin; = 10 mm is kept between the edge of the disk and the axis of the jet.

4 Study of the passing rate of the oil droplets through the
impacting plane air jet

4.1 Test bench to measure the concentrations and passage rates of droplets
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(a) Experimental facility for the jet/particle (b) Time evolution of the total concentra-
interaction study tions: Crignt(t) + Cirepe(t) and Ciepe(t)

Fig. 10: Sketch of the facility for the jet/droplet interaction study and con-
catenation of the time signals of the droplet total number concentrations.

The test bench to measure the passing rate of the oil droplets through the
air jet is presented on Fig. 10a. All the operating conditions are given in Table
1. The spinning disk is located on the right of the jet which is therefore the
zone contaminated by the oil droplets generated by the spinning disk. The left
of the jet is the initially clean atmosphere. The droplet number concentrations
and the size distributions are locally measured by the optical particle counter,
OPC-GRIMM, on the two sides of the jet, at = 420 ¢m. This position is
well beyond the two large recirculations on each side of the jet since their
length is around 14 ¢m (see Fig. 8). We checked (not shown here) that, at
=220 c¢m from the jet, the measured concentrations are quasi homogeneous
in all the channel section: they do not depend on y. The droplet number
concentrations measured on the left of the jet are denoted Ciep¢ and Chrign:
on the right of the jet, on the side of the rotating disk. The particle/droplet
passing rate through the jet, denoted PPR, is defined as the ratio of the droplet
number concentration in the initially clean zone of the channel to the number
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Clese(t) t
Cleft(t)+Crignt(t)
is computed from the time signals of the number concentrations measured

either for the total number of droplets (whatever their size, as in Fig. 10b
for example) or for each class of droplet size, since the OPC can measure the
diameter D,, of each droplet.

Four concentration signals recorded in the presence of the air jet are con-
catenated in Fig. 10b : (1, black) the concentration of the environment before
the spray injection, in order to subtract it from the following measurements;
(2, blue) the injected total concentration, Cle r1+Chrignt; (3, red) the concentra-
tion of droplets passing through the jet, Cles; (4, green) the left concentration
after stopping the particle generation. Cjey; and Cyigne are measured every 6
seconds, during a ten minute spray injection. The repeatability of the mea-
surements is illustrated by the standard deviation (error bars) resulting from
three distinct tests. It is clear from this figure that the air jet plays its role of
particulate barrier since Cjey¢ is much smaller than Cicgr + Crigne. The aver-
age PPR resulting from these measurements (not shown here) approximately
varies linearly from 4% to 17% in ten minutes.

The injection position of the rotating disk is at y;,; = 17 mm from the top
confinement plate, at the level of the developed zone of the jet (see Figs. 4a and
10a). We checked that the vertical position of the spinning disk has nearly no
influence on the measured concentrations and PPR due to the presence of the
two large and turbulent recirculations on each side of the jet. Indeed, on the
right of the channel, the evacuated droplets by the air jet, along the bottom
plate towards the outlet, are taken back to the jet by the right vortex. Thus the
two turbulent vortices tend to accumulate, mix and homogenize the droplets
suspended in the air on either side of the jet. This accumulation over time is
visible in Fig. 10b in which the left concentration Ci.f:(t) and the injected
total concentration (Cright + Ciese)(t) increase with time (it is not very clear
for the total concentration due to the logarithmic scale).

concentration of the whole injected droplets: PPR(t) =

4.2 Analysis of the passing rate of the oil droplets through the air jet

Fig. 11 presents the passing rate (PPR) of the droplets through the jet with
respect to their diameter, for 0.3 < D, < 4 pym. The PPR at D, = 5 um
is not represented due to too small and dispersed concentration values and,
as a consequence, a non representative and too large dispersion of the PPR
values. In the two graphs of Fig. 11, the errors bars are equal to the standard
deviation obtained from 3 trials. The time evolution of the PPR for each class
of droplet diameter is plotted in Fig. 11a, each 6 second during ten minutes.
The PPR increases with time for all the droplet sizes considered: the PPR is
relatively small at the beginning of the spray injection (between 1.5% and 4%)
but it reaches much larger values (between 8% and 18%) after ten minutes of
injection. As already discussed above, the PPR increases with time due to
the presence of the two large recirculations on either side of the air jet that
“recycle” and accumulate the droplets [17]. The experimental curves can be
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Table 3: Equations of the second order polynomials that interpolate PPR(¢)
of Fig. 12a over ten minutes for each class of droplet diameters.

Dy [um]  Polynomial interpolation of PPR(t)

0.3 3.8398 + 0.039243 t — 2.4369 x 105 ¢2
0.4 2.9004 + 0.031008 ¢t — 1.4645 x 102 ¢2
0.5 2.7492 + 0.040402 ¢t — 2.2210 x 10~ ¢2
0.65 2.1944 + 0.038934 ¢ — 2.2010 x 102 ¢2
0.8 1.8805 + 0.033983 t — 1.8276 x 10~° ¢2
1 1.8179 4+ 0.030221 t — 1.5553 x 1075 ¢2
1.6 1.4830 4 0.026126 t — 1.4766 x 10~° ¢2
2 1.1977 4+ 0.020217 t — 1.2358 x 105 ¢2
3 1.1869 4+ 0.019110 t — 1.4119 x 10~5 ¢2
4 1.4142 + 0.018161 t — 1.0339 x 105 ¢2

fitted by second order polynomials (dashed lines) whose equations are given
in Tab. 3 with correlation coefficients in the range 0.96 < R? < 0.985.
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Fig. 11: Droplet passing rate (PPR) through the jet with respect to the droplet
diameter, D,,.

From these interpolation equations, it is possible to extract the average
PPR over the first instants. This information can be important for numerical
simulations because modeling and simulating such an experiment will be very
CPU time consuming and the simulations will probably have to be limited
to a few hundred milliseconds. Thus, Fig. 11b shows the time averaged PPR
from t = 0 to ¢t = 200 ms. The error bars on this figure are equal to the
mean standard deviation of the PPR measured from the three tests during
the first minute of the spray injection. The obtained PPR values are of course
approximately equal to the constant term of the polynomials of Tab. 3. It
appears in the two graphs of Fig. 11 that the PPR decreases on the whole
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when the droplet diameter increases. This behavior is hard to explain with
the present experimental data. However, a thin film of oil is observed on the
bottom impingement wall of the test bench, particularly on the right of the
jet, after a ten minutes spray generation (but there is not oil film deposition
on the top wall). Thus, one possible explanation could be that the larger
droplets, whose Stokes numbers St; and Stx are not negligible (see Tab 2),
can cross the boundary layer and deposit on the bottom horizontal wall. This
could therefore reduce their passing rate through the jet. Furthermore, this
phenomenon could be amplified by the coalescence of the smaller oil droplets
that could generate bigger ones. These phenomena are hard to detect with
the measurements of the droplet size distribution by the OPC if the generated
larger droplets immediately deposit on the wall. Furthermore, the number
concentrations of the larger droplets in suspension in the air are too small to
be significant. These conjectures could be verified by numerical simulations
accounting for the droplet collision and coalescence and the deposition of the
oil droplets on the wall.

The passing rate of the droplets through the jet, averaged over a ten minute
experiment, was published in Fig. 7 of reference [18]. This average PPR de-
creases with the increase of the droplet diameter for 0.3 < D, < 3 pm but it
increases with D), for D), > 4 pm. This last result must not be considered be-
cause it is erroneous due to a faulty measurement of the number concentrations
for D, > 4 pm.

5 Conclusion

This paper presents an original experiment designed to analyze the interaction
of micronic droplets with a turbulent plane air jet separating two atmospheres.
It allows to evaluate the efficiency of the air jet as a particle barrier by mea-
suring the time evolution of the droplet passing rate (PPR), globally and for
each class of droplet size. It also provides reference experimental results to
validate Eulerian/Lagrangian numerical simulations on the interaction of mi-
cronic droplets with a turbulent air jet.

In the first part of the study, an experimental and numerical analysis of the
air jet dynamics without injecting particles has been performed. The compar-
ison of the present PIV and LES results with literature results has shown very
good agreements, both for the time averages and the RMSE of the velocity
components. The used Wale LES model is therefore appropriate to simulate a
turbulent air jet impacting a wall.

In the second part, the interactions between this air jet and oil droplets
(spherical particles) of different diameters has been investigated experimen-
tally. The method of particle generation by a spinning disk has appeared to
be a very interesting method because it is very stable over time, it does not
perturb the jet and the generated spray of oil droplets is reproducible with
a size distribution of the droplets between 0.3 < D, < 5 pm. To allow this
experiment to be reproduced by numerical simulations, particular care was
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taken to describe the test bench and the boundary and entry conditions. The
droplet size distribution and injection speed are carefully determined.

It has been shown that the passing rate of the droplets through the jet
increases with time due to the presence of two big recirculations on each side
of the jet. It has also been observed that the passing rate decreases when the
droplet diameter increases: at the first moments of the experiments, the PPR
varies between 4% and 1.5% when D, varies between 0.3 pm and 5 gym. This
behavior could be due to the coalescence and the deposition on the impinge-
ment wall of the larger droplets. It was not possible to check this assertion
with the used metrology. However it could probably be confirmed by numeri-
cal simulations accounting for the transport, the collision and the coalescence
of the droplets (with a LES model for the continuous phase and a Lagrangian
model for the discrete phase for instance).
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