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INTRODUCTION

A zero-net-mass-flux (ZNMF) jet is a fluid stream with
non-zero mean streamwise momentum formed oscillatory
flow through an orifice (Cater and Soria, 2002). The ZNMF
jet is generated within the fluid in which the generator is
embedded without the net injection of additional fluid. Typ-
ically ZNMF jets can be generated using a periodic oscilla-
tory membranes as loudspeakers (Greco et al., 2013) and
piezoelectric diaphragms (Smith and Glezer, 1998) or using
a mechanical piston-cylinder arrangement (Cater and Soria,
2002). Due to this periodic movement the fluid is entrained
into the cavity and consequently expelled through the orifice
completing the cycle. Under certain operating condition
(Holman et al., 2005), a vortex ring can form near the orifice
and convects away. The dimensionless groups, that charac-
terize ZNMF jets, are the Reynolds number (Re = UyDq/V)
and the Strouhal number (fDg/Uy = Dy /Ly), where Uy is a
characteristic velocity scale, Dy is the orifice diameter, V is
the water kinematic viscosity, f is the actuation frequency
and L is the stroke length (defined as Up/ f) that is associ-
ated to the quantity of fluid pulled in the ambient during the
expulsion cycle. Cater and Soria (2002) define this charac-
teristic velocity as :
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where 7 is the actuation period and g is the velocity at the
exit plane of the orifice.

The literature on ZNMF jets is very wide and includes
several fields of applications such as: flow control, heat
transfer, enhancement of mixing between fluid currents and
generation of microthrust for propulsion. Focusing our at-
tention on the heat transfer field, it is possible to note that a
wide literature is present describing and evaluating the heat
transfer capabilities of ZNMF jets (Greco et al., 2014; and

Valiourge et al., 2009). Instead not so wide is the litera-
ture on the characterization of the impinging flow field of
such jets. Pavlova and Amitay (2006) experimentally stud-
ied the influence of Reynolds number (140 < Re < 740),
orifice-to-plate distance (1.9 Dy < H < 38.1 Dg) and for-
mation frequency (equal to 420 and 1200 Hz) on the heat
transfer rate. At low operating frequency, the vortex ring
impinges individually causing the heat transfer enhance-
ment while, at high operating frequency, the vortex ring
merge and break into smaller secondary structures generat-
ing the heat transfer increase. Valiorgue et al. (2009) stud-
ied ZNMF jets impinging at nozzle-to-plate distance equal
to 2 Dy and for various stroke lengths (1 < Ly/Dy < 22) and
Reynolds number (between 1000 and 4300). The heat trans-
fer rate (that obviously increases with increasing Reynolds
number) was found to increase linearly with Ly/H up to
Lo/H = 2.5, then being constant. They also found a cor-
relation between the impinging vortex dynamics and the
local heat transfer profile. Indeed the extent of the cen-
tral region of high heat transfer corresponds to the vortex
impingement location, while, the region outside the central
one is determined by the distance travelled by the coherent
vortex. The effect of the stroke length on the flow morphol-
ogy of ZNMF jets was studied by McGuinn et al. (2013)
with high speed PIV and hot wire anemometry. They found
that ZNMF jets without impingement are characterized by
a monotonous increase in vortex strength up to Ly/Dg = 4.
For Ly/Dy higher than 4 and up to 8 the flow field is charac-
terized by additional fluid ejected after the formation of the
vortex ring and forming a trailing jet following and widen-
ing the vortex ring. A maximum ejection velocity occurs
in the trailing jet and destabilizes the vortex ring promoting
mixing for Ly/Dy between 8 and 16. For higher Ly/Dy the
most relevant flow feature is represented by the trailing jet:
the ejected fluid, remaining once the primary vortex is fully
formed and propagated, overtakes the vortex ring resulting
in a highly turbulent jet. The aim of this paper is to provide
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a detailed insight on the impinging ZNMF jet flow field fea-
tures at high Reynolds number (35000) for several values of
Strouhal number (0.044, 0.022 and 0.011). For every case,
three different dimensionless values of the orifice-to-plate
distance (H /Do) are investigated: 2, 4 and 6.

EXPERIMENTAL SETUP

Experiments are undertaken in a rig depicted in Figure
1. In each experiment, ZNMF jets are generated by using
a reciprocating piston within a cylinder which discharges
water from a circular cylinder with inner diameter D, = 50
mm through an orifice plate of a given diameter Dy = 10
mm and thickness of 2 mm. The distance (H) between the
orifice plate and the impinging plate is adjusted by using a
linear bearing located on the top. The piston is connected
to an AC motor through a flexible coupling and an eccentric
plate. Setting up the half piston stroke /,, (2, 4 and 8 mm)
and the piston frequency (or actuation frequency f equal to
16, 8 and 4 Hz), the desired ZNMF jet is obtained. The
water is seeded with hollow glass spheres (Potter spheri-
cal, with a density of 1100 kg/m>) with a nominal diameter
of 11 um having a relaxation time of 7.39 us. A pump is
used to homogenize the water and particles inside the tank
to reach a high uniformity. The particles are illuminated
by a Quantronix Nd: YLF twin cavity laser system capable
of supplying 30 mJ/pulse at a wavelength of 527 nm. The
thickness of the laser sheet is adjusted to 1 mm and the laser
sheet is aligned vertically including the jet axis. The time
difference between two laser pulses is 40 us. The scattered
light from the particles is recorded on a PCO-DIMAX high
speed cameras with CMOS array size 2016 x 2016 pixelz.
The camera is mounted with 100 mm Zeiss lens and f-stop
number is set up to 2. The camera acquires at its maxi-
mum acquisition rate of 624 Hz (in a double frame con-
figuration) and the field of view is approximately 6.3 Dgy
x 6.3 Dg. The resulting resolution for the digital images
is 31.33 um/pixel in the illumination plane. Both camera
and laser are synchronized by a delay generator (DG645)
which starts generating signals when the hall sensor detects
the lowest piston position during its oscillation. The switch
Trigger/Camera allows to start acquiring images when the
phenomenon is steady. Vector fields were obtained process-
ing images with a multigrid cross-correlation digital particle
velocimetry (MCCD-PIV) analysis which is described in
Soria (1996 and 1998). The accuracy and uncertainty asso-
ciated with multigrid cross-correlation PIV measurements
are investigated and discussed in Soria (1996 and 1998).
For the first pass the size of the interrogation window was
64 pixel, while for the second pass 32 pixel windows were
used. The sample spacing between the centres of the inter-
rogation windows was 16 pixels (50% of overlap).

TRIPLE DECOMPOSITION ANALYSIS

The obtained data are analysed by using a triple de-
composition (Hussain and Reynolds, 1970): u;(x,t) =
Ui(x) + it (x,1) + u'i(x,1), where uy = u, up =v, u3 =w
and x = (x,y,z). U is the time-average, i; is the phase-
correlated organised contribution to the velocity and u}
is the turbulent velocity fluctuation. The time-average
velocity is defined as: U;(x) = limrﬂm%fgui(g,t)dt;
while the phase-average velocity is: < u;(x,t) >=
limN_)w%):ﬁlV:_Ol ui(x,t + nt), where N is the number of
flow fields of the same phase, T is the period of the or-

ganised contribution, whose reciprocal coincides with the
actuation frequency f. Hence the phase-average velocity
is the average in any spatial point for a fixed phase ¢ in the
ZNMF jet generation cycle. The phase-correlated organised
contribution to the velocity is then defined as:

4i(x,1) =< u;(x,t) > —Ui(x) ()
while the turbulent velocity fluctuation is:

ui(x,1) = wi(x, 1) — < wi(x,1) > 3)

RESULTS AND DISCUSSION

In Figures 2-9 the phase-average velocity components
maps at H/Dy equal to 2 and 6 for Sr equal to 0.011 and
0.044 are shown. The same phases are reported for the two
Strouhal number cases. Only 10 phases (for the H /Dy equal
to 2) and 9 phases (for the H/Dy equal to 6), with a step
of 18.46°, are chosen in order to represent the ejection cy-
cle. In Figure 2 the axial and radial velocity maps at H/Dy
equal to 2, for Sr equal to 0.011, are depicted. At ¢ =0°
the ejection phase starts while at ¢ = 18.46° the vortex ring
is already completely formed and the following trailing jet
is easily detectable on its behind. Then the ZNMF jet im-
pinges and, at ¢ = 36.92°, it is sweeping the impinging
plate. At this phase, it is possible to see that the axial ve-
locity profile is not bell-shaped near the impinging plate.
Indeed a minimum of the local axial velocity is observable
on the jet axis (x/Dg equal to 0) near the stagnation zone.
Such a behaviour is due to the adverse pressure gradient
caused by the impinging plate presence. The radial veloc-
ity component shows two maxima: the first one where the
jet rotation is detectable (near the impinging plate at x/Dy
equal to about 0.5) and the second one that is placed be-
tween the sweeping vortex ring and the plate. At ¢ =55.38°
the values of the region of high axial velocity are increased
and the vortex ring is moving out of the measurement zone.
For 55.38° < ¢ < 92.30° the behaviour of the ZNMF jet
does not shown any substantial differences and resembles
the continuous jet one. For ¢ > 92.30° the axial and radial
velocity decrease. In Figure 3 the mean squared axial and
radial turbulent velocity maps at H/Dy equal to 2, for Sr
equal to 0.011, are shown. The ZNMF jet starts being issued
at @ = 0° and at ¢ = 18.46° it is characterized by a peak of
axial turbulent near the vortex core. Also a value different
from zero is observable along the shear layer. The radial
component attains its maximum in the vortex ring core as
well. At ¢ =36.92° high values of radial and axial turbu-
lence are present along the shear layer but their maxima are
still located in the vortex ring core. Furthermore, regarding
to the radial component, another two maxima are visible:
the first one is located where the complete rotation of the jet
occurs and the second one is between the vortex ring and
the impinging plate. Such a second peak could be caused
by a counter-rotating vortex (see HadZiabdi¢ and Hanjali¢,
2008) generated by the sweeping vortex ring. Moreover
also a small no-zero turbulent region is present on the noz-
zle exit centre. At ¢ = 55.38° the axial turbulent velocity
component still shows high values along the shear layer and
in the vortex ring core while the radial one has its maximum
in the vortex ring core and also in the region near the plate
which spans from the impinging shear layer to the vortex
ring (x/Dg ranging between 0.7 and 2). Moreover the radial



component shows high values along the shear layer and low
values in the region near the jet axis (which starts from the
nozzle exit). Considering the phases ranging from 73.84°
to 92.30° any sensitive differences are observed, while for
@ > 92.30° the turbulent values decrease. It is possible to
point out that during this ejection phase no merging of the
shear layer is detectable. This leads to have a zone, along
the jet axis, featured by zero axial turbulence level and low
radial one. Such a region, already shown for free ZNMF
jets in Greco et al. (2013), resembles the potential core
region present in continuous jets (Abramovich, 1963). In
Figure 4 the axial and radial velocity components are de-
picted for a Sr equal to 0.044 at H/Dy equal to 2. As for
the previous case, at ¢ = 0° the generation of the ZNMF jet
starts. At @ = 18.46° the vortex ring is forming and starts
its convection (see also ¢ = 36.92°) until it reaches the im-
pinging plate (¢ = 73.84°). At this phase (i.e. ¢ = 73.84°)
the “sweeping phase* starts and two regions of high radial
velocity can be detected easily at ¢ = 92.30°. These two
regions are, as usual, located near the deflection zone of the
impinging ZNMF jet (at x/Dg equal to 0.5) and between
the sweeping vortex ring and the impinging plate. The axial
velocity component near the plate exhibits the usual pro-
file with a local minimum on the jet axis (x/Dg equal to
0). At ¢ >92.30° the axial velocity decrease while the vor-
tex ring is still in the measurement zone. Indeed the dis-
placement of the vortex ring scales with the stroke length
(Shuster and Smith, 2007). At ¢ = 110.76° the first peak
of radial velocity at x/Dy equal to about 0.5 is decreasing
because the jet axial velocity is reducing while the second
peak is still clearly visible and high. As matter of fact at
¢ = 129.22° the second radial peak is much higher than the
first one which is almost disappeared. Only for ¢ > 166.14°
the vortex ring is moved completely out of the region of
measurement. Such a behaviour is strictly related to the
Strouhal number. At high Strouhal number the trailing jet,
following the vortex ring, decreases. Such a phenomenon
leads to have a flow field much more influenced by the vor-
tex ring presence. In Figure 5 the mean squared axial and
radial turbulent velocity maps at H/Dy equal to 2, for Sr
equal to 0.044, are shown. From ¢ = 0° to ¢ = 73.84°
the ZNMF jet is formed and convects until the impinging
plate. During these phases, the high values of radial and ax-
ial turbulent velocity are mainly located in the vortex ring
core and along the shear layer. Even for this Strouhal num-
ber case, it is possible to highlight that a no zero value of
radial turbulence is observable on the nozzle exit and it ex-
tends until the impinging plate. At ¢ = 92.30° the vortex
ring is sweeping the plate and the maximum, for the ax-
ial turbulent component, is detected in the vortex ring core.
A similar behaviour characterizes also the radial turbulent
component that also shows high values near the plate (in the
region connecting the impinging shear layer and the vortex
core) and in the region near the plate (ahead of the vortex
ring) where the counter rotating vortex should be arisen by
the passage of the vortex ring. For both components, high
values are observed along the shear layer. At ¢ = 110.76°
both turbulent components still have the maximum in the
vortex ring core and the radial one shows a greater second
peak (the one ahead of the vortex ring). Moreover the radial
turbulent component shows a region of high values, with a
greater extension, near the impinging plate. Nevertheless,
the values along the shear layer are slightly decreased while
the maxima near the vortex ring core are still visible. For
@ > 129.22° the values near the plate and along the shear

layer decrease differently from the value in the vortex ring
core. Even for this configuration no merging of the shear
layer can be observed and a zone, featured by zero axial tur-
bulence and low radial one, is observable near the jet axis.
Furthermore it has to be point out that the turbulent values
attained near the vortex ring core are definitely higher than
the case at Sr equal to 0.011 but similar to those at Sr equal
to 0.022. In Figure 6 the axial and radial velocity distribu-
tions, for Sr equal to 0.011 at H/Dy equal to 6, are shown.
The ZNMF jet is issued (at ¢ = 0°) then convects (at ¢
equal to 18.46° and 36.92°) until it reaches the impinging
plate. It is possible to see that, at ¢ = 36.92°, the maxi-
mum of the axial velocity is not in the centre of the vortex
ring but is located on the jet axis (in the following trailing
jet). This agrees to what shown by McGuinn et al. (2013)
who found that the maximum velocity of a ZNMF jet is not
detected in the vortex ring centre but in the trailing jet for
high Ly/D values (or low Sr values). At ¢ = 55.38° and
@ = 73.84° the ZNMF jet has already spread over the plate
and is sweeping the plate itself. During these phases, the
radial velocity shows a maximum between the plate and the
vortex ring which is higher than the one located in the rota-
tion region of the impinging ZNMF jet. This is also related
to the axial velocity profile which approaches the impinging
plate. Indeed in this case (H/Dy equal to 6) the profile is
bell-shaped not causing a great peak of radial velocity as oc-
curs for the shortest case (Figure 2). At ¢ equal to 73.84°,
the vortex ring is almost out of the measurement zone and
the flow field resembles the impinging continuous one. Fur-
thermore a mild peak of high radial velocity is still located
near the plate where the impinging ZNMF jet rotates. For
¢ > 92.30° the axial and radial velocity values decrease.
In Figure 7 the mean squared axial and radial turbulent ve-
locity component, for Sr equal to 0.011 at H/Dy equal to
6, are depicted. At ¢ = 18.46° the first values, different
from zero, are observed. As usual, the high turbulent val-
ues are located near the vortex core and along the all shear
layer (axial turbulence) or a part of it (radial turbulence). At
@ = 36.92° the values are increasing near the vortex ring
core while the shear layer is wider and more extended. It
has to be highlighted that the axial turbulent velocity com-
ponent shows high values also on the front boundary of the
vortex ring but not in its centre (located on the jet axis),
differently from the radial component. At ¢ = 55.38° the
peak of axial turbulence is always near the vortex ring core
while the radial one is near the impinging plate, where the
counter rotating vortex ring should be located. Moreover
the shear layer, characterized by high turbulent values, ar-
rives until the impinging plate. At ¢ = 73.84° the vortex
ring is almost out of measurement zone while the high tur-
bulent values are located along the shear layer. It has to
be point out that from ¢ = 55.38° to ¢ = 92.30° the high
turbulent values of the shear layer arrive on the imping-
ing plate and the two shear layers merge on the jet axis far
from the orifice plate. Such a triangular region is character-
ized by zero axial turbulence and very low radial one. For
¢ > 92.30° these values decrease. In Figure 8 the axial and
radial velocity maps, for Sr equal to 0.044 at H /Dy equal
to 6, are shown. At ¢ = 0° the ZNMF jet starts coming out
and at ¢ = 18.46° the vortex ring is still forming. From
¢ =36.92° to ¢ = 129.22° the vortex ring convects down-
stream. During this period of the cycle the maximum of
the axial velocity can be detected in the vortex ring centre
differently from the lowest Strouhal number case (figure 6)
where the maximum is located in the trailing jet (according



to McGuinn et al., 2013). At ¢ = 92.30° the axial velocity
values is slightly decreasing. Then, at ¢ = 110.76°, when
the ZNMF jet begins to approach the impinging plate, the
axial values are definitely decreasing. At ¢ = 129.22° high
values of the radial component can be detected near the wall
at a radial position where the vortex ring is placed. Then (at
¢ = 147.68°), when the axial velocity is still decreasing, the
high radial velocity region is still moving with the sweeping
vortex ring. The next phase is not reported because no rel-
evant features are present in the field (because the ejection
cycle is almost finished). In Figure 9 the mean squared ax-
ial and radial turbulent velocity maps, for Sr equal to 0.044
at H/Dy equal to 6, are shown. During the formation and
convection of the vortex ring (0° < ¢ < 110.76°) the high
values of the turbulence are located near the vortex ring and
along the shear layer. Furthermore, as in the previous case,
high values of axial turbulence can be observed on the front
boundary of the vortex ring but not in its centre, differently
from the radial one. In this configuration, the triangular re-
gion characterized by zero axial turbulence and very low
radial turbulence has an extension, in the axial direction,
lower than the previous case. At ¢ = 110.76° the ZNMF jet
is going to impinge and the region of high turbulent values
increases for both component. Then (at ¢ = 129.22°) the
high value of axial turbulence is still located near the vortex
ring while the radial one shows high values near the vortex
ring and also in the region, near the impinging plate, where
the interaction between the impinging jet and the plate oc-
curs. In this phase the shear layer, with its high turbulent
values, has not arrived near the impinging plate yet and the
ZNMF jet is already decelerating. Moreover it is possible
to see that near the orifice plate, along the orifice edge, the
turbulent values are decreasing. At @ = 147.68° the high
turbulent values are still detected moving with the sweep-
ing vortex ring while the shear layer, that has just touched
the impinging plate, shows decreasing values. As previ-
ously said, even in this case the turbulent velocity values are
higher than the case at Sr equal to 0.011 but similar to those
at Sr equal to 0.022. In Figure 10 the vortex ring trajec-
tory (in the last diameter upstream the impinging plate) for
the three different Strouhal numbers at any orifice-to-plate
distances are shown. The location of the vortex ring centre
has been detected by using the maximum value attains by
the Q-criterion (as defined in Jeong and Hussain, 1995) ap-
plied to the velocity maps for each phase. At H /Dy equal
to 2 it is possible to highlight that the trajectories show the
same path until x/Dy equal to 1.2. Then a double rebound
near the impinging plate is observed. For x/Dgy > 1.2 the
vortex ring path of the highest Strouhal number shows the
closest position to the plate. The same behaviour can be
observed at H/Dy equal to 4. The unique difference is that
the double rebound occurs at higher radial position and is
less evident as the Strouhal number decreases. At H/Dy
equal to 6 the curves have a similar behaviour but the sec-
ond rebound is disappeared. In Figure 11 the saddle point
behaviour for the three different Strouhal number values at
H /Dg equal to 2 (for ¢ = 295°) is shown. It is whore noth-
ing that the distance of the saddle point form the orifice exit
increases as the Strouhal number decreases. This is related
to the half piston stroke because the higher is [, (lower is
the Strouhal number) the higher is the volume of fluid in-
jected in and drawn from the ambient. Hence, during the
suction phase the saddle point moves towards higher ax-
ial position to let the higher requested volume to enter in-
side the piston-cavity. Such a behaviour is more evident

in this configuration because the ambient is constrained by
two plate (the impinging and the orifice ones) so the fluid
can not be drawn from the upstream space (as occurs in a
nozzle configuration).

CONCLUSIONS

A fundamental study on the influence of the Strouhal
number and the orifice-to-plate distance on the impinging
ZNMF jet flow field at high Reynolds number has been car-
ried out. The axial velocity morphology shows a different
profile approaching the impinging plate as the orifice-to-
plate distance increases. Indeed a bell-shape profile is vis-
ible at higher distance while a minimum on the jet axis is
detected at the shortest configuration. Furthermore the po-
sition along the jet axis of the maximum axial velocity is
influenced by the Strouhal number (according to McGuinn
et al., 2013). The extension of a region, characterized by
low turbulence, decreases as the Strouhal number increases.
High turbulence is located, above all, in the vortex ring core
and along the shear layer. Such a shear layer has an in-
fluence on the flow field which is lower, than the vortex
ring one, as the Strouhal number increases. Furthermore
the turbulent velocity near the vortex core attains high val-
ues at high Strouhal number. The vortex ring trajectory
shows a double rebound. The second rebound disappears as
the orifice-to-plate distance increases. The Strouhal number
also influences the vortex ring trajectory which is closer to
the plate, at high radial position, for higher Strouhal num-
ber. Finally the saddle point is located farther from the plate
as the Strouhal number decreases.
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Figure 1. Experimental setup.
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Figure 2. Axial (left) and radial (right) velocity maps at
H /Dy equal to 2 for Sr=0.011.
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Figure 3. Mean squared axial (left) and radial (right) tur-
bulent velocity maps at H/Dy equal to 2 for Sr=0.011.
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Figure 4. Axial (left) and radial (right) velocity maps at
H /Dy equal to 2 for Sr = 0.044.
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Figure 5. Mean squared axial (left) and radial (right) tur-
bulent velocity maps at H/Dy equal to 2 for Sr = 0.044.



Figure 6. Axial (left) and radial (right) velocity maps at
H /Dy equal to 6 for Sr=0.011.

Figure 7. Mean squared axial (left) and radial (right) tur-
bulent velocity maps at H/Dg equal to 6 for Sr=0.011.

Figure 8. Axial (left) and radial (right) velocity maps at
H /Dy equal to 6 for Sr = 0.044.

Figure 9. Mean squared axial (left) and radial (right) tur-

bulent velocity maps at H/Dy equal to 6 for Sr = 0.044.
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Figure 10. Vortex ring trajectory for all the configurations.
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Figure 11. Saddle point location (white spot) for each
value of St at H /Dy equal to 2 for ¢ = 295°.



