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Abstract: Unsteady numerical simulations, coupled with the SST (Shear Stress Transport) k-w
turbulence model, were conducted to study the mixing-enhancement characteristics of the excited jet
generated by the fluidic oscillator and the air tab in a single channel convergent nozzle with an inlet
total pressure of 140-200 kPa. Compared with the steady air-tab jet, the sweeping jet generated by
the fluidic oscillator has roughly the same penetration in the main flow, but it can induce streamwise
vortices and planar vortices of larger scale and longer duration, which is beneficial to enhance jet
mixing efficiency in the range of 1.0 Dy (Dy represents the diameter of the main nozzle outlet)
downstream from the main nozzle. When x > 1.0 Dy, the jet mixing is mainly dominated by the
shear layer between the main jet and the ambient. As the sweeping jet suppresses the expansion
of the main jet, which reduces the contact area between the main jet and the ambient, its mixing
efficiency is less than that of the air tab in this region. With the increasing inlet total pressure of the
fluidic oscillator, the influence range of the sweeping jet is increased, but its mixing efficiency does
not increase significantly. In general, the fluidic oscillator can use a small jet flow (<5%) to achieve a
high mixing efficiency (i.e., 60% at x = 2.0 Dy) at the expense of low total pressure loss (<2.3%), which
indicates that it has good engineering applicability.

Keywords: mixing mechanism; air tab; fluidic oscillator; sweeping jet; convergent nozzle

1. Introduction

A mixing method with high penetration and mixing efficiency can reduce the jet
temperature and infrared radiation of an engine exhaust system, which is conducive to
improving the overall performance of the engine. As an effective active mixing method,
the formation and development of vortices in the transverse jet have been studied deeply by
many researchers, using experimental and numerical methods [1-4]. After being injected
into the main flow, the secondary flow is strongly mixed with the main flow due to
the induced complex vortex structures near the jet hole, including shear-layer vortices,
horseshoe vortices, wake vortices, and a counter-rotating vortex pair (CVP). Among these
structures, the shear-layer vortex is induced by the Kelvin—-Helmholtz instability (K-H
instability) of the shear layer; the main flow boundary layer rolls up at the leading edge
of the secondary jet and forms the horseshoe vortex at the root of the jet; the wake vortex
is caused by the overturning, stretching, and diffusion of the crossflow boundary layer
vortex; and the CVDP, as the dominant factor affecting jet mixing, causes the secondary jet to
lift up from the position close to the wall, which increases the scale of the vortex structure.

Kamotani et al. [5] studied the trajectory, velocity, and turbulence intensity of a single
jet in a crossflow (JICF) and pointed out that the velocity ratio between the jet and the
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crossflow plays a decisive role in the flow mixing. New et al. [6] indicated that the change
in the velocity ratio between the primary flow and the secondary jet had little effect on the
mixing effect, while their increasing momentum ratio could significantly accelerate the flow
mixing. They also compared the JICF with an elliptical exit with the JICF with a circular
exit and found that the former produced two sets of CVPs, which helped to enhance the
vortices’ interaction. Behrouzi et al. [7] compared the mixing effects of small-tab steady jets
and pulsed transverse jets and studied the influence of the flow rate, the frequency, and the
phase of the pulse transverse jets in detail. They found that the steady/unsteady JICF could
induce a vortex similar to that of the CVP downstream from the small tab. Johari et al. [8]
experimentally investigated the effect of pulse transverse jets with different frequencies
and duty cycles on the flow mixing, and found that the pulse jets, which mainly produce
the vortex rings, had a penetration that was significantly greater than that of the steady
jets with the same velocity ratio. The penetration of pulse jets could reach five times of
that of steady jets at 50 diameters downstream from the nozzle. Narayanan et al. [9] also
showed that the pulsed transverse jets enhance jet instability and the strength of CVPs,
resulting in a better mixing effect; the optimal mixing effect was achieved when the Strouhal
number ranged from 0.1 to 0.26. Kamran et al. [10] reached similar conclusions when they
studied the mixing enhancement of the pulsed jets under high-Reynolds-number conditions,
and they further indicated that the periodic pressure, caused by the interaction between
the turbulent fluctuating energy and the kinetic energy of vortex, was the main reason for
the enhanced jet mixing. It can be seen that, compared with the steady jet, the unsteadiness
of the pulsed jet affects the formation and development of the vortex structure in the flow
field, which can further improve the mixing efficiency.

The traditional high-frequency pulsed jets often require complex control structures and
control logic, so their reliability and robustness are not strong under harsh environmental
conditions. In 1978, Stouffer [11] invented the fluidic oscillator, which could produce
sweeping jets with adjustable frequency, without any moving parts. The fluidic oscillator
consists of an inlet, a mixing chamber, two feedback channels, and an expansion outlet.
Under the Coanda effect, the high-pressure fluid entering the oscillator’s interior adheres
to the wall on one side at random; then, most of the fluid is ejected from its outlet, while the
other part returns to the mixing chamber through the feedback channel, which drives the
main fluid to move to the other side of its mixing chamber, thereby changing the direction
of the outlet jet. In this way, a jet that sweeps repeatedly in a certain range is generated
downstream from the fluidic oscillator. The jet had a very wide sweep frequency, ranging
from 6 kHz to 22 kHz, and its sweep frequency was linear to its flow rate when its geometry
parameters were determined [12]. Due to its simple structure and its strong robustness,
the fluidic oscillator has been widely used for flow control [13], noise control [14], drag
reduction [15], and film cooling [16].

There has been some research on the acceleration mixing of the fluidic oscillator.
Nathan and Luxton [17] investigated the mixing characteristics of low-frequency sweeping
jets with stationary air and indicated that the sweeping action of the jet is conducive to
enhancing the macro mixing process between the jet and air, but it inhibited the formation
of small-scale turbulence spots to some extent. Ostermann et al. [18-20] experimentally
researched the three-dimensional time-resolved flow field under the interaction between
the swept jet and the cross flow and found that the Strouhal number and the velocity
ratio of the jet were the two important parameters affecting the flow field. As the velocity
ratio increased, the penetration of the jet in the transverse and normal directions increased.
In addition, they found that the oscillating jet could form a rotating vortex pair, and
their rotation directions were opposite to that of the counter-rotating vortex pair formed
by the steady jet. This vortex pair could destroy the jet structure, thereby promoting
higher intense entrainment and mixing. However, compared to the steady jet, the velocity
of the sweeping jet attenuated faster, so its trajectory in the cross flow was shallower.
Lacarelle and Paschereit [21] indicated that the periodic sweeping jet enhanced the cir-
cumferential diffusion of the jet, which was conducive to promoting the macro- and
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micro-mixing process. Compared with the steady jet, the fluidic oscillator can reduce the
mixing length by 50%. It can be seen that the research on flow mixing related to the fluidic
oscillator was basically carried out in a low-speed crossflow, while research on high-speed
jet mixing was rarely seen. In this paper, the fluidic oscillator and the air tab are applied
to enhance the mixing of high-speed jets downstream from a convergent nozzle, and the
flow-mixing mechanism and the influence of the inlet total pressure are analyzed in detail.

2. Numerical Method

The commercial ANSYS CFX solver is used to solve three-dimensional Reynolds-
averaged Navier—Stokes (RANS) equations, and the shear stress transport (SST) k-w two-
equation turbulence model is used for turbulence closure [22,23]. The high order and
second order backward Euler difference methods are adopted for the convection and time
terms, respectively, and the residual targets of momentum, mass, energy, turbulence kinetic
energy, and transition equations are set to 107°.

2.1. Convergent Nozzle and Fluidic Mixer

The cross sections of the fluidic oscillator, the air tab, and the convergent nozzle used in
this paper are shown in Figure 1. The height, width, and thickness of the fluidic oscillator were
13.2 mm, 7.0 mm, and 1.0 mm, respectively. The 3D model of fluidic oscillator was extruded
1.0 mm from the cross section, as shown in Figure 1a. Its inlet was 3.2 mm x 1.0 mm, the throat
was 1.0 mm x 1.0 mm, and the outlet expansion angle was 100°. The research showed that
this structure with the aspect ratio (i.e., the ratio of the width and the throat hydraulic diameter
of the fluidic oscillator) of 1.0 could achieve maximum sweeping frequency when the inlet
flow was the same [24]. The air tab is a round tube with a diameter of 0.96 mm and a length of
11.0 mm, and one air tab is installed in every 120° sector, as in the case of the fluidic oscillator.
In this way, its flow rate can be ensured to be equal to that of the fluidic oscillator in all cases
studied in this paper.
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Figure 1. Schematic of fluidic exciters and convergent nozzle: (a) Fluidic oscillator; (b) Convergent
nozzle and air-tab.

The model of the convergent nozzle is shown in Figure 1b: the inlet diameter is
37.5 mm, the outlet diameter is 30 mm, and the length of the nozzle is 43.5 mm with the
converging angle of 11°. Three fluidic oscillators or air-tabs are uniformly set up at 2.0 mm
upstream of the convergent nozzle outlet in the circumferential direction, respectively.

2.2. Boundary Conditions

In this paper, the calculation domain with a sector angle of 120° (Figure 2) was selected,
including the internal flow field domain of the convergent nozzle, a fluidic mixer (such
as a fluidic oscillator or an air tab), and the external domain downstream from the nozzle.
The inlets of the fluidic mixers were extended by 10 mm to ensure the full development
of the inlet boundary layer. The diameter of the far field downstream from the nozzle
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was 300 mm (10 Dy—10 times of the nozzle outlet diameter) with a length of 450 mm
(15 Dy) to ensure that the jet diffusion and mixing were not disturbed. As shown in the
coordinates in Figure 2, the origin of the coordinate system was located at the intersection
of the middle cross section of the fluid mixers and the central axis of the main nozzle. All
the inlets adopted the pressure inlet boundary conditions. For the main flow, the inlet
total pressure was 120 kPa and its inlet total temperature was 875.9 K; for the secondary
flow, the inlet total pressure was 140 kPa, 160 kPa, 180 kPa, and 200 kPa for different
cases, respectively, and its inlet total temperature was 333 K; for the far field, the inlet total
pressure was 101,325 Pa and its inlet total temperature was 288 K. The other boundaries
of the far field were set as the opening boundary with a static pressure of 101,300 Pa and
a static temperature of 288 K. Both sides of the calculation domain were set as rotation
periodic boundaries, and the rest were solid walls without slip.

Periodical wall
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[\ e
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Downstream p
inlet

Nozzle
inlet Fluidic oscillator
inlet
Y
Outlet

ZA TS Wall

Figure 2. Computation domain.

In the transient calculation of the fluidic oscillator, the time steps were 6 x 1077 s,
4x1077s,4x 1077 s,and 2 x 10~7 s when the inlet total pressure ranged from 140 kPa to
200 kPa. As a result, the root mean square values of the Courant numbers were certain to
be less than 1.0 for all cases. The maximum number of internal cycles per time step was 12
for each dynamic calculation.

2.3. Grids Independence

Figure 3 shows the computation grid for the fluidic oscillator and the air tab.
All computational domains were meshed by the hexahedral structured/unstructured
grids. The fluidic oscillator as meshed by ANSYS MESH with the hexahedral structured
grid, and the rest were meshed by ICEM.

Fluidic
oscillator

interface

Figure 3. Computation grids.
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In order to verify grid independence, three grids with 2.18 million, 4.36 million, and
8.60 million nodes, respectively, were selected for a comparative calculation of the flu-
idic oscillator with a inlet total pressure of 160 kPa. Figure 4 compares the total pressure
coefficient distributions of the jet centerline for the cases with different grids. The total
pressure coefficient distribution of the jet centerline calculated by the grid with 4.36 mil-
lion nodes was not much different than that of the grid with 8.60 million nodes, and the
maximum difference was less than 0.8%. In order to save the computing time, the grid
with 4.36 million nodes was selected for subsequent numerical simulation in this paper.
In this grid, the node numbers in the axial, radial, and circumferential directions of the
whole calculation domain were 342, 78, and 124, respectively; the node numbers in the
length, width, and thickness directions of the fluidic oscillator were 270, 66, and 18, respec-
tively; the air tab was meshed by O-type grid and the circumferential and axial grid node
numbers were 50 and 50, respectively. Due to the complex shape of the fluidic oscillator, it
was meshed separately from the convergent nozzle. In this way, the GGI-type interface,
whose grid is shown in the sub-graph marked with “interface” in Figure 3, was used for
the data exchange between them.
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Figure 4. Grid independence.
2.4. Validation

Ostermann et al. [19,25] investigated the interaction between the crossflow and the
oscillating jet with different velocity ratios. The velocity ratio (VR) was defined as:

where Uy is the velocity at the throat of fluidic oscillator and U is the velocity at the
crossflow inlet. The time-resolved experimental data of Ostermann were used to validate
the calculation method in this paper, wherein the throat size of the fluidic oscillator was
10 x 10 mm, yielding a hydraulic diameter (D) of 10 mm, and the test section was a
550 x 550 mm square with a total length of 2500 mm. In the validation calculation, the
inlet velocities of the fluidic oscillator and the main flow were consistent with their test
conditions. Figure 5 compares the calculated and measured results of the sweeping jet
frequency under different velocity ratios. The sweeping jet frequency was obtained by
a series of static pressure monitoring points arranged downstream from the fluid exciter
throat. Compared with the experimental results, the maximum error between the numerical
and experimental results was not more than 3.5%, which indicated that they were basically
consistent. Figure 6 shows experimental and computational velocity contours and vectors
of different phases at x/D = 14 for the case of VR = 3, where the origin of the x-axis is
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located at the middle section of the fluid exciter and D is the hydraulic diameter of the
fluid oscillator throat. It can be seen that the calculated results of velocity distribution and
the position and sizes of the vortices on this section, under different phases, are in good
agreement with the experimental results. The above discussion shows that the numerical
method adopted in this paper can accurately simulate the complex flow field inside the
fluidic oscillator.
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Figure 5. Sweep frequency at various velocity ratios.
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Figure 6. Instantaneous velocity field at x/D = 14.

3. Results and Discussion
3.1. Mechanism of Fluidic Mixer

Figure 7 shows the instantaneous flow field inside the fluidic oscillator at four phase
positions during a half-sweeping cycle with an inlet total pressure of 140 kPa, and compares
it with that of the steady air tab. In this paper, the phase with ¢ = 0° was defined as the
moment at which the jet entered the main flow from the left extreme boundary of the
oscillator exit. At the ¢ = 0° phase, the jets attached to the right wall of the mixing chamber,
and most of them entered the throat through the right side of the mixing chamber and
sprayed into the main flow, while a small amount of the jets entered the right feedback
channel driven by vortex V3 on the left, and this feedback flow in turn pushed the main
jet to move to the left at the entrance of the mixing chamber, thus gradually forming a
separation vortex V1 on the right side of the mixing chamber. As this separation vortex
increased (e.g., ¢ = 30°-180°), the main jet inside the mixing chamber was gradually pushed
to the left wall, the separation vortex V2 on the left wall was reduced, and the vortex V3 on
the left side of the throat was also continuously squeezed. When ¢ = 180°, the vortex V1
developed to its maximum scale: on the one hand, it basically blocked the right feedback
channel; on the other hand, it pushed the flow in the mixing chamber close to the wall on
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the left side, which made the separation vortex V2 on the left side squeeze to its minimum
scale. Finally, the main jet entered the throat from the left side and ejected into the main
flow from the right side, realizing the conversion of the main jet direction. At the same
time, the vortex V3 blocking the left feedback channel was squeezed out of sight, resulting
in a portion of the jet entering the left feedback channel. With the enhancement of this
feedback flow on the left side, the jet in the mixing chamber was driven to move toward
the right wall. Finally, an unsteady jet sweeping back and forth was formed at the outlet of
the fluidic oscillator.

VR: 0 0.10.20.304050.60.70.809 1

(iii) ¢ = 150° (iv) ¢ = 180°

(a)

Figure 7. Velocity magnitude for total pressure = 140 kPa: (a) instantaneous velocity magnitude of fluidic
oscillator at various moments (¢ is the phase angle); (b) time-averaged velocity magnitude of air tab.

It can be seen that the vortex V3 upstream from the throat and the vortex V4 (not
shown here) at its opposite side have two functions: on the one hand, they jointly drive the
sweeping of the jet, thus controlling the direction of the outlet jet; on the other hand, they
also control the flow entering the feedback channel, so as to indirectly control the size of
the separation vortex in the mixing chamber and the frequency of the outlet sweeping jet.
Compared with the steady jet of the air tab, the influence range of the fluidic oscillator’s
jet in the circumferential direction was qualitatively larger, due to its left-right sweeping
characteristics. For the radial penetration of the jet, the penetration of the sweeping jet was
slightly lower than that of the air tab only at the phase of ¢ = 30° (as shown in Figure 6),
and the penetrations at other phases are basically the same as the latter; some of them have
even increased.

When the sweeping jet ejected into the main flow, the streamwise vortices, induced at
the boundary of the main flow, were among the important factors accelerating the mixing.
Figure 8 shows the streamwise vorticity distribution of the sweeping jet at different phases
and different axial sections for the case with the inlet total pressure of 140 kPa, and compares
it with that of the steady air tab. After the sweeping jet entered the main flow, it induced the
formation of a pair of streamwise vortices, as shown by VR and VL in Figure 8. As shown
by the four phases in Figure 7, the jet’s outlet position gradually changed from the left side
of the fluidic oscillator’s exit to the right side, and the jet direction also changed accordingly.
When the jet entered the main stream from the left side (such as ¢ = 0° and 30°), it could be
observed that the vortex VL was obviously smaller than the vortex VR in peak magnitude
and vortex size (as shown in the axial sections x = Dy /6-Dy/2 in Figure 8). This may have
been because the development of the VL was restrained by the double constraints of the left-
leaning jet and the nozzle wall. However, in the downstream flow development, the stronger
vortex VR dissipated faster and was exhausted at x = 5 Dy /6, where the vortex VL further
developed without the nozzle constraints. As the jet entered the main flow almost vertically (i.e.,
¢ =150°), the VR and VL had roughly the same peak magnitudes and scale (as shown in
section x = Dy /2).
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Figure 8. Streamwise vorticity for total pressure = 140kPa: (a) instantaneous streamwise vorticity of
fluidic oscillator at various moments; (b) time-averaged streamwise vorticity of air tab.

As the jet entered the main stream from the right side (i.e., ¢ = 180°), the situation
was exactly the opposite to that of the left side. At x = Dy/3-Dy/2, the peak magnitude
and scale of the VL were larger than those of the VR, and the VR developed further at
x =5 Dy/6 where the VL was almost exhausted. Compared with that of the steady air tab,
the peak vorticity of the streamwise vortices induced by the fluidic oscillator was lower
in each phase. The peak vorticity of the air tab was 11.0, and that of fluidic oscillator was
10.1. However, compared with the streamwise vortex range shown by the streamline, it
was found that the streamwise vortex scale of the sweeping jet was obviously larger than
that of the steady jet. At x =5 Dy/6, the streamwise vortices induced by the air tab were
completely dissipated, while the streamwise vortices induced by the fluidic oscillator still
had a distinct structure in each phase, which suggests that the latter lasts longer. Under
the same inlet conditions, the peak streamwise vorticity of the steady air-tab jet was higher
than that of the sweeping jet, while the sweeping jet had a streamwise vortex pair with a
larger scale and a longer duration. Therefore, further study is required to determine which
kind of jet is more conducive to accelerating jet mixing.

The azimuthal vorticity, as the sum of the vorticity on the section perpendicular to
the streamwise direction, can represent the strength of planar vortices; therefore, it can
also characterize the intensity of small-scale mixing to a certain extent. Figure 9 shows the
azimuthal vorticity distribution of the sweeping jet at different phases and different axial
sections for the case with the inlet total pressure of 140 kPa and compares it with that of
the steady air-tab jet. The jet at the outlet of the fluidic oscillator and the vortices on its
left and right sides (V5 and V6 in Figure 7) distorted the planar vortices band downstream
from the main nozzle, and the deflection direction of the planar vortices band at different
phases was consistent with the direction of the sweeping jet (as shown on the axial section
x = Dn/6 in Figure 9). Compared with that of the steady air tab, the peak azimuthal
vorticity of the sweeping jet did not increase significantly, but its radial and circumferential
scale increased, especially the latter. Moreover, this difference became greater with the
development of jet mixing. This means that sweeping jets with larger planar vortices can
be more conducive to promoting small-scale mixing. At x = 5 Dy/6, the residual azimuthal
vorticity downstream from the air tab was significantly smaller than that of the fluidic
oscillator at each phase, which indicated that the planar vortices induced by the steady
air-tab jet dissipated more rapidly. The planar vortices downstream from the two fluidic
mixers were almost dissipated completely on the axial section x = 1.0 Dy. Combined with
the above analysis on the streamwise vortices, the following conclusion could be inferred:
the action regions of the streamwise vortices and planar vortices induced by the two jets
were confined to the range of 1.00 X Dy downstream from the nozzle.
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Figure 9. Spanwise vorticity for total pressure = 140 kPa: (a) instantaneous spanwise vorticity of
fluidic oscillator at various moments; (b) time-averaged spanwise vorticity of air tab.

Figure 10 compares the jet-mixing efficiency and the expansion radius of the two
fluidic mixers downstream from the nozzle when the inlet total pressure is 140 kPa.
The mixing efficiency is defined as follows:

W{Aﬁi\/ﬁ—rﬁ m-ﬁfﬁ
(7 + 77 ) Tow — 70 Ton — 77 To s

where 7 and T are the time-averaged mass flow and total temperature, respectively,
Am; is the time-averaged mass flow through point i of the calculation section, and the
subscripts N, f, and u represent the inlet of main nozzle, the inlet of fluidic exciter, and
the uniformly mixed section (i.e., x = 9.8 Dy section downstream of the main nozzle in
this paper), respectively. In the range of x = 0.2 Dy—0.8 Dy, the mixing efficiency of the
sweeping jet was higher than that of the steady air-tab jet. Based on the above conclusion,
the flow mixing in this axial range is dominated by the streamwise vortices and planar
vortices, which means that the vortices induced by the fluidic oscillator are more conducive
to enhancing jet mixing than those induced by the air tab. This is consistent with the above
comparative-analysis conclusion of the streamwise vortices and planar vortices. However,
the jet-mixing efficiency downstream from the air tab exceeded that of the fluidic oscillator
when x > 0.8 Dy. At this time, the streamwise vortices and planar vortices downstream
from the two fluidic mixers were completely dissipated, and the shear layer between the
main flow and the surrounding air was the dominant factor for jet mixing. The expansion
radius is defined as the section with twice the mass flow of inlet (including nozzle inlet
and fluidic mixer inlet) downstream from the nozzle. Two times the inlet mass flow is an
empirical value, below which the outer contour of the jet is not circular, and above which
the influence on this radius of the inlet parameters will be weakened. To a certain extent,
this radius can represent the boundary affected by the jet and quantitatively characterize
the contact area between the jet and the surrounding air. It can be seen that the jet expansion
radius decreased first and then increased, which indicated that the jet converged first and
then expanded, due to the influence of the nozzle convergence angle. Compared with the
steady air-tab jet, the jet radius with the equal mass flow of the sweeping jet converged
faster in the jet convergence stage and was smaller than that of the air tab on the same
axial section in the jet-expansion stage. This shows that the sweeping jet can restrain the
expansion of the main jet in the case with the fluidic oscillator, thus making the contact area
between the main flow and the surrounding air smaller than that of the air tab. Therefore,
the mixing efficiency of the fluidic oscillator was smaller than that of the air tab for the

]7:
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region with x > 0.8 Dy, where the shear layer dominated the jet mixing between the cross-
and the surrounding air. In the same way, for the region (0 < x < 0.8 Dy), where the
streamwise vortices and the planar vortices dominated the jet mixing, the mixing effect
of the shear layer between the main stream and the surrounding air in the case with the
fluidic oscillator was actually lower than that of the air tab., This in turn suggested that,
compared with the case with the air tab, the mixing efficiency gain brought about by the
streamwise vortices and the planar vortices in the case with the fluidic oscillator was a little
higher than that shown in Figure 10.
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Figure 10. Expansion radius and mixing efficiency of the cross-section with equal mass flow for total

pressure = 140 kPa.

Figure 11 compares the mixing loss distribution of the two fluidic mixers for the cases
with the inlet total pressure of 140 kPa. The mixing loss is defined as follows:

J Poji
m

U:l—j
J Pon+ [ Poy
m m

where P is the time-averaged total pressure and the subscripts N, f, and i represent the
inlet of main nozzle, the inlet of fluidic exciter, and the point i of the calculation section.
For the steady air-tab jet, the curve of mixing loss changed linearly with the axial distance.
When x < 1.2 Dy, the mixing loss of the sweeping jet also increased linearly and the total
pressure loss was greater than that of the steady air-tab jet. For the region of x < 0.8 Dy,
the higher mixing loss of the fluidic oscillator was mainly related to its greater mixing
efficiency, but the increment of the mixing loss was not proportional to the increment of
the mixing efficiency, which may have been due to the additional loss caused by the high
internal flow loss of the fluidic oscillator itself. For the region of 0.8 Dy < x < 1.2 Dy,
the mixing efficiency of the fluidic oscillator was decreased, but the cumulative total pres-
sure loss in the prior period was high, which made the loss in this region keep growing.
In the region of 1.2 Dy < x < 1.6 Dy, the mixing loss of the fluidic oscillator was approxi-
mately stable, and the total pressure loss of the air tab surpassed that of the fluidic oscillator,
due to the improvement of its mixing efficiency.
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Figure 11. Total pressure loss of equal mass flow cross-sectional area for total pressure 140 kPa.

3.2. Influence of Inlet Total Pressure

Figure 12 shows the mass flow ratio and the sweeping frequency of the fluidic oscillator
for various inlet total pressures. With the increasing inlet total pressure of the fluidic
oscillator, its mass flow rate and sweeping frequency increased linearly. On the other hand,
it was not difficult to find that the sweeping frequency also increased linearly with the jet
flow rate, which was consistent with the findings of previous works [12]. When the inlet
total pressure reached 200 kPa, the flow rate increased by only 0.02%, compared with the
case of 180 kPa. The reason was that the throat of the fluidic oscillator reached the critical
state in this case, and increasing the inlet total pressure could no longer further increase
the mass flow rate of the fluidic oscillator. However, the increase in the inlet total pressure
could obviously affect the sweeping frequency of the fluidic oscillator.
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Figure 12. Sweep frequency and flow ratio at various total pressures.

Figure 13 shows the contours of time-averaged velocity at the central section of the
two fluidic mixers for cases with different inlet total pressures. With the increase in the
inlet total pressure, there was no obvious change in the left and right boundaries of the
sweeping jet, while the time-averaged penetration increased. Moreover, the low-velocity
region influenced by the sweeping jet developed from an initial semi-circle to a fuller
rounded rectangle; that is, the area of this region increased. These developments indicated
that the increase in the inlet total pressure enlarged the influence range of the sweeping
jet to some extent. For the steady air-tab jet, the penetration increased with the increasing
inlet total pressure, causing its influence region to be farther and farther away from the
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nozzle, but its influence range did not increase significantly. Under the same inlet total
pressure, the time-averaged penetration of the sweeping jet was basically the same as that
of the steady air-tab jet, but the circumferential influence range of the sweeping jet was
significantly larger than that of the steady air-tab jet, and this difference increased with the
increase in the inlet total pressure.

VR: 0 0.10.2030405060.7080.9 1

200 kPa /w_\\ M

140 kPa

160 kPa

180 kPa

() (b)

Figure 13. Time-averaged velocity magnitude at the exit section for various cases: (a) fluidic oscillator,
(b) air tab.

The length of the potential core region can directly reflect the mixing efficiency be-
tween the main jet and the ambient air. Figure 14 compares the total pressure distribution
of the central line downstream from the main nozzle for the two fluidic mixers in cases with
different inlet total pressures. In the region of x < 1.0 Dy, where the streamwise vortices
and planar vortices dominant the jet mixing, the following observations were possible
(1) the greater the inlet pressure, the faster the attenuation rate of the total pressure for
the two fluidic mixers, and (2) the total pressure attenuation rate of the fluidic oscillator
was greater than that of the air tab under different inlet total pressure conditions. When
1.0 Dy < x < 4.0 Dy, the attenuation rate of the total pressure along the centerline down-
stream from the fluidic oscillator still increased with the increase in the inlet total pressure,
but it remained the same in the case with an inlet total pressure of 140 kPa (a slight increase
in appearances may have been related to numerical errors). With the continuous mixing
between the main jet and the surrounding air, the total pressure of the potential core region
downstream from the fluidic oscillator started to decrease gradually at x = 6.2 Dy for all
cases; that is, the length of the potential core region was 6.2 Dy for all cases. In order to
ensure that the fluidic oscillator was not blocked, the narrow inlet total pressure variation
range (140-200 kPa) selected in this paper was the main reason for its small impact on the
potential core-region length. For the actual nozzle, by increasing the size of the fluidic
oscillator’s throat, the inlet total pressure could be further increased to improve the mixing
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efficiency, but it led to the problem of a too-large fluidic oscillator and a too-high mass flow
ratio. This needs further study and clarification. For the air tab, the length of the potential
core region was about 6.8 Dy, which was greater than that of the fluidic oscillator. This
suggests that the mixing effect of the sweeping jet is better than that of the steady air-tab jet
under the same inlet total pressure.

1.00
0.99 4
0.98
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Figure 14. Centerline dimensionless total pressure distribution in various cases.

Figure 15 compares the total pressure loss of the two fluidic mixers for cases with
different inlet total pressures. With the increase in inlet total pressure, the total pressure
loss of the two fluidic mixers showed an approximately linear growth trend. Compared
with the air tab, the total pressure loss of the fluidic oscillator was larger, and this difference
increased with the increasing inlet total pressure. The increasing total pressure loss of the
fluidic oscillator was related to its greater mixing efficiency, and it was also influenced by
its higher internal flow loss. Overall, the fluidic oscillator can use a small jet flow (<5%) to
achieve a high mixing efficiency (i.e., 60% at x = 2.0 Dy) at the expense of low total-pressure
loss (<2.3%), which indicates that it has good engineering applicability.

24

23

140 160 180 200
Tatal pressure/kPa

Figure 15. The total pressure loss coefficient at various inlet total pressures.

4. Conclusions

In this paper, the mechanism and characteristics of flow mixing in a single-channel
convergent nozzle enhanced by a fluidic oscillator and an air tab were studied by numerical
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simulation under four inlet total pressure conditions. Through the detailed analysis on
the internal flow field of the fluidic oscillator, this paper further clarified the formation
mechanism of the excitation sweeping jet and pointed out that the vortex near the entrance
of the fluidic oscillator’s throat, which can control the direction of the outlet jet and the
mass flow rate of the feedback channel, is an important factor influencing the frequency of
the sweeping jet. The vortex pairs induced by the sweeping jet had obvious asymmetric
properties: when the jet entered the main stream from the left side, the peak vorticity and
scale of the left streamwise vortex were obviously smaller than those of the right one due to
the dual constraints of the sweeping jet and the nozzle wall; similarly, the peak vorticity and
scale of the right streamwise vortex were obviously smaller than those of the left one when
the jet entered from the right side. Compared with the symmetrical streamwise vortices
and planar vortices induced by the steady air-tab jet under the same inlet conditions,
the vortices induced by the sweeping jet had approximately the same peak vorticity but a
larger scale and a longer duration. When 0 < x < 1.0 Dy, the vortices induced by the two
fluidic mixers dominated the jet mixing, and the mixing efficiency of the fluidic oscillator
was significantly higher than that of the air tab in the cases with the same inlet conditions.
When x > 1.0 Dy, these vortices mentioned above had basically been exhausted, and the
vortex of the shear layer between the main jet and the surrounding air came to dominate
the jet mixing. As the sweeping jet of the fluidic oscillator inhibited the expansion of the
main jet, which reduced the contact area between the main stream and the surrounding air,
the jet mixing efficiency of the fluidic oscillator was lower than that of the air tab.

The penetration and influence range of the two kinds of jets in the main flow increased
with the enhancing inlet total pressure. Under the same inlet conditions, the penetration
of the sweeping jet was approximately the same as that of the steady air-tab jet, but its
influence range was larger than that of the latter, and this difference increased with the
enhancing inlet total pressure. As the throat of the fluidic oscillator restricted the increase
in its inlet total pressure, the influence of its inlet total pressure on the mixing efficiency
was not obvious within the scope of this paper. However, with the increase in the inlet
total pressure, the mixing loss of the sweeping jet obviously increased, which may have
been related to the increase in the flow loss inside the fluidic oscillator. The inlet total
pressure range of the fluidic oscillator could be increased by increasing the size of the throat,
which was conducive to further improving the mixing efficiency and could also lead to the
problems of a too-large fluidic oscillator and a too-high mass flow ratio.

Overall, the fluidic oscillator can use a small jet flow (<5%) to achieve a high mixing
efficiency (i.e., 60% at x = 2.0 Dy) at the expense of low total pressure loss (<2.3%), which
indicates that it has good engineering applicability.
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Nomenclature
AT: Air tab Py f: Total pressure at fluidic exciter inlet, kPa
BR: Velocity ratio Pon:  Total pressure at nozzle inlet, kPa

Cwa:  Azimuthal vorticity, 4 /szuy +C2, Re: Reynolds number, (U Dy, /v)
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Cws:  Streamwise vorticity St: Strouhal number, (f Dy, /v)

Cwy: Vorticity Coefficient in y direction To: Total temperature at sections, K
Cwz:  Vorticity Coefficient in z direction Tos:  Total temperature at fluidic exciter inlet, K
D: Throat hydraulic diameter, m Ton: Total temperature at nozzle inlet, K
Dy:  hydraulic diameter, m U: local mean velocity, m/s

Dn:  Nozzle outlet diameter, m L kinematic viscosity, m?/s

I Frequency, Hz VR: Velocity ratio

FO: Fluidic oscillator X: Axial coordinate

m: Massflow, kg/s y*: Non-dimensional wall distance

mg: Massflow at fluidic exciter inlet, kg/s  @: Phase angle

my:  Massflow at nozzle inlet, kg/s o: Total pressure loss coefficient

Py: Total pressure, kPa — Time-averaged
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