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Abstract: A turbulent jet with a Reynolds number of 71,000, controlled by a pair of pulsed jets
operating 180° out of phase, is investigated by large-eddy simulation. The effect of the forcing
amplitude on jet development and generated coherent structures is investigated through six cases:
an unforced case and five cases at different amplitudes. With this forcing mode, the jet bifurcates
in the far field that promotes the spread of the shear layer. It was found that the jet yields the
largest bifurcation angle at medium amplitude, while the bifurcation is restrained at lower or higher
amplitudes. As the amplitude increases, the streamwise vortex pair generated by the control jet is
stronger and penetrates deeper into primary jet. This phenomenon reduces the inclination of vortex
ring when mutual interaction between vortex ring and streamwise vortex pair occurs. Meanwhile, at
higher amplitudes, the inclined vortex ring is stronger and unevenly distributed, prompting the jet
bifurcation. In order to investigate the coupling effect of amplitude and frequency, different forcing
frequencies were also simulated. The results demonstrated that the optimal frequency based on
centerline velocity decay rate decreases with increasing amplitude; however, it eventually saturates
around Stp =0.1.

Keywords: jet control; large-eddy simulation; mixing enhancement; vortex structures

1. Introduction

In recent years, flow control techniques for round jets have received wide attention.
This is primarily due to their potential and capabilities for performance improvement in
engineering applications, particularly in the aerospace field. For example, the control of the
jet flow to enhance mixing with ambient air has the benefits in infrared signature reduction
and noise suppression [1,2]. Compared to passive techniques, active flow control provides
flexibility, since the control devices can be switched on or off on demand. When an active
control system has been properly configured, it can provide comparable or even better
performance and less flow loss compared to passive configurations [3].

Active control techniques usually introduce perturbation to the primary jet shear layer
in order to modify the generation and evolution of large-scale structures [4]. Such structures,
which include vortex rings and streamwise vortices, are dominant in jet development
and primarily responsible for entrainment and mixing in different regions [5,6]. Current
methods mainly include acoustic actuation, synthetic jets, plasma actuation and steady or
pulsed control jets [7-10]. Control jets are convenient for injecting fluid into the flow and
require only some additional piping. In the case of aircraft, air can be directly supplied
from the aero-engine. Consequently, its setup is simpler than that of other methods which
need extra perturbation generators. Furthermore, compared to steady control jets, pulsed
jets can manipulate the primary jet more effectively [10]. The reason is that pulsed jets can
not only penetrate the primary jet, but can also introduce periodic perturbation, which
responds to the primary instabilities in the jet.
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The forcing amplitude of the control jet, defined as the mass flow ratio of control

Meontrol jets

jet to the primary jet (MFR = ), is known as one of the most influential factors.

Mprimary jet
Parekh et al. [11] observed that when two pulsed jets were used to actuate subsonic and

supersonic jets, the jet mixing increased rapidly for injection mass flow ratios below 1%;
however, at ratios approximately 2%, it quickly reached an asymptotic limit. New and
Tay [12] used two steady control jets to investigate the effect of mass flow ratio on round jet
structures. Their results revealed that the presence of secondary injection inhibited the large-
scale vortex roll-ups and made the primary jet shear layer transit to turbulence earlier with
increasing injection flow rate. Each injected secondary flow evolved into a counter-rotating
vortex pair (CVP). As the mass flow ratio increased, the CVPs penetrated deeper into the
primary jet until they eventually met. In their quantitative analysis, the centerline velocity
decayed faster at higher injection rates, indicating improved mixing. Wickersham [13]
used two pulsed control jets to actuate a turbulent jet in flapping mode, and systematically
investigated the effect of frequency and amplitude on mixing enhancement. It was found
that, initially, the mixing efficiency increased with forcing amplitudes; however, at higher
amplitudes, the mixing efficiency was decreased. Moreover, it was found that the optimal
frequency with respect to mixing efficiency decreased with increasing amplitude, which
indicated a coupled relationship between these the two parameters. However, no clear
explanation was proposed. The dependence of mixing efficiency on amplitude was also
confirmed in the recent experimental works of Yang and Zhou and Perumal et al. [14,15].
In their works, two pulsed circular mini-jets excited a laminar jet in axisymmetric mode.
They owed the different stages of amplitude effect to penetration depth. The structures
produced by the min-jets were stronger and penetrated deeper into the primary jet with a
higher mass flow ratio. Furthermore, these structures collided, impairing the strength and
entrainment rate of the primary jet. When the amplitude was sufficiently high, the primary
jet was initially fully turbulent; thus, the spreading rate could recover. The above studies
all suggest that the forcing amplitude has a significant effect on coherent structures and
mixing efficiency.

Bifurcating jets have gained much attention by researchers in jet control, since they
greatly increase the spreading rate and accelerate the mixing with ambient flow compared
to natural jets, suggesting possible applications in flow control. When a bifurcating jet
is established with the right excitations, the jet is divided into two separate jets, each of
which carries half the axial momentum and spreads in a manner similar to a single jet. The
spreading rate increases dramatically in one plane (the bifurcating plane) and maintains or
slightly reduces in the perpendicular plane (the bisecting plane) [16]. Lee and Reynolds [17]
acquired a bifurcating jet by combining the axial and alternative helical actuation modes.
They found that the ratio of the two excitation frequencies ¢ = f,/f, had an important effect
on jet structures. More specifically, the bifurcating jet was acquired when ;= 2. Danaila
and Boersma [18] conducted direct numerical simulation to investigate a low Reynolds
number jet controlled by different forcing methods. The results showed that a solo flapping
excitation with high amplitude could also make the jet bifurcate and the coherent structures
in this jet were similar to those in a bifurcating jet acquired through combined excitations.
Da Silva et al. [19] investigated the flapping mode excitation at preferred mode and the
subharmonic frequencies. Both forcing methods succeeded in causing the jet bifurcation at
low Reynolds numbers. Forcing at subharmonic frequency achieved better bifurcation and
worked at higher Reynolds numbers. When the Reynolds number was beyond a certain
value, the small-scale turbulence would cause the destruction of larger vortices so that the
forcing method would lose its bifurcation effect.

In our previous study, it was found that the frequency of pulsed jets with flapping
mode has a significant effect on large-scale structures and jet bifurcation [20]. Therefore,
it is reasonable and attractive to research the effect of pulsed jet amplitude on coherent
structures and jet bifurcation, which has not been extensively investigated. In the present
work, several mass flow ratios (MFR = 0.67%, 0.83%, 1%, 1.2%, 1.5%, achieved by adjusting
control jets velocity) at the same frequency (Stp = 0.1, Strouhal number based on nozzle
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diameter Stp = fD/U) are considered in large-eddy simulation (LES). Some additional cases
at different frequencies are simulated to investigate the coupling effect of forcing amplitude
and frequency.

2. Computational Setup

The governing equations resolved in the current LES are the filtered incompressible
Navier-Stokes equations:
ot;
=0
axi

ou;  _ou _ 19p , m  u | 9T
asz 0x;0X; 0x;

ot +”faTc]-_ P 0x;

where ;(x;, t) is the resolved velocity field and Tjj is the subgird stress tensor:
Tij = Uillj — Ujll;
which is simulated by the eddy viscous model:
Tj = —2urS;; + ééijksgs

where vy = CkkgészA is the subgrid eddy viscosity, A is the filter width, ks¢s denotes the

e s e w0y . . . .
subgrid kinetic energy and S;; = %(% + a—i’) is the filtered strain rate tensor. In this work,

the transport equation of ks is solved:

aksgs _ aksgs o aﬁl a aksgs
5 T ax; frlja—xj —e+ axi((vT +v) o, )

The dissipation rate is obtained by:

k3/2
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The model coefficients Cy and C, are calculated by a dynamic procedure proposed by
Kim and Menon [21]. The comparative studies of Fureby et al. [22,23] showed that this local
dynamic one equation model is more tolerate for coarse grids and accurate for transition
and unsteady flows.

The governing equations were discretized by the finite volume method. In the dis-
cretized equations, a second-order central difference scheme was used for the spatial terms,
providing the least numerical dissipation. For the time discretization, the second-order
Crank-Nicholson scheme was implemented. The above equations were solved by the PISO
algorithm implemented as pisoFoam in the OpenFOAM.

A convergent nozzle with a pipe was used to produce the primary jet. Two slot-type
fludic jet actuators were placed on opposite sides of the nozzle. The diameter of the nozzle
exit was 4 and the length and width of the rectangle actuator exit were 1.7 and 0.08”,
respectively. Figure 1 shows their arrangement and the coordinate system. The origin of the
coordinates is located at the center of nozzle exit. The computational domain was extended
15D in the streamwise direction from the nozzle exit and 10D in the radial direction from
the centerline. LES is inherently grid-dependent due to its impact on the cutoff location
within the spectrum of turbulence. Consequently, the multi-block approach was used to
ensure higher mesh density at important regions, such as the nozzle wall boundary layer,
jet shear layer and the region the primary jet and control jets interacted. The overall mesh
and detailed mesh near the nozzle exit are shown in Figure 2. In the nozzle, the height of
the first cell normal to the wall was set to keep y* < 1 (approximately 0.00025D), ensuring
a good boundary layer resolution. In the streamwise direction, the mesh was designed
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considering both the accuracy and cost. Near the nozzle entry, the length of the cell varied
from 0.04D to 0.02D. In the converging part, the cell size was refined to 0.01D. To capture
the transition of the boundary layer to shear layer, a relatively fine cell size of Ax/D = 0.0015
was used in the adjacent of the nozzle exit. Out of the nozzle, 600 cells were distributed
in the streamwise direction, half of which were in the near field, resulting in a cell size
equal to Ax/D = 0.02 at the end of the potential core (x/D = 5). In the azimuthal direction,
300 nodes were uniformly distributed, yielding a cell size of ¥A8/D = 0.01 at the nozzle
exit. The radial grid length was 0.0005D at the lip of the nozzle exit and the resolution
gradually decreased to 0.02D at r = 3D from the centerline. The total number of cells was
about 40 million. In order to investigate the effect of mesh resolution on the results, a finer
mesh with 1.5 times more cells in the shear layer and potential core region for the unforced
jet was used. To validate the simulation result, Figure 3 compares the centerline and radial
profiles of the time-averaged streamwise velocity between the cases with different mesh
resolution and the available experimental data by Wickersham [13]. U; is the bulk velocity
at the nozzle exit and U, is the time-averaged streamwise velocity along the centerline. The
length of potential core is slightly overpredicted, but the decay rate of centerline velocity
and radial profile are consistent with the experiment, which suggests the simulation can
reasonably predict the jet development. The fine mesh case slightly improves the accuracy,
but the difference is negligible. Considering the computing cost, the moderate mesh is
employed in this study.
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Figure 2. Computational mesh of (a) the overall domain and (b) the axial near the nozzle exit.
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Figure 3. Comparison of the time-averaged axial velocity profile between the simulation and experi-
ment (a) along the centerline [20] ad (b) along the radial direction at x/D = 3.

A uniform velocity without considering boundary layer and fluctuation was used at
the nozzle entrance, resulting in bulk velocity U; = 10 m/s at the nozzle outlet. For wall
boundaries, the no-slip condition was used. Non-reflective boundary conditions imple-
mented by solving a convective equation were employed at outflow. To allow entrainment
at the circumferential boundary, free stream conditions were applied. The pulsed jet was
achieved by switching the velocity magnitude from 0 to target value with a 0.5 duty cycle.
The two pulsed jets are working with 180° phase difference. The amplitude of the pulsed
jet was adjusted by the velocity magnitude of the actuator inlet.

The time step of each case was set to limit the maximum Courant number at approx-
imately 0.5. The total solution ran for two phases. The first phase was carried out to
allow the flow field fully developed and lasted 75 characteristic time (D/U;). Subsequently,
another 150 characteristic time was executed to do average and sample statistics.

3. Results and Discussion
3.1. No Control

The unforced jet is introduced here briefly; more details can be found in previous
work [20]. The boundary layer develops in the nozzle and reaches a nearly turbulent
state at the nozzle exit. The momentum thickness of the initial shear layer is D/8 = 135;
its shape factor is H = 1.52, which lies between the fully turbulent value (H = 1.3) and
the laminar value (H = 2.6), while it is closer to the former one. The growth of the shear
layer is investigated based on the development of momentum thickness 0 in Figure 4. The
momentum thickness is estimated from the mean streamwise velocity U as:

ro04 ]
= / < uc>dr

where 7( g4 is the position where U = 0.04U,. The momentum thickness for the initial
laminar jet grows rapidly near the nozzle exit, after which the rate of growth decreases
progressively [24,25]. Regarding the initial turbulent jet, the streamwise variation can be
fitted with two straight lines and the slope of the second line is higher than that of the first
line. The profile in Figure 3 resembles that of the initial turbulent jet, and the changeover of
slopes is approximately at x/D = 3, but it is not distinct, as reported by Husain [24].
Figure 5 displays the coherent structures identified by the pressure iso-surface. The
structures indicate a fully turbulent state with small scales, while no dominant direction
could be distinguished in these vortices. Figure 6 illustrates the plot of the power spectral
density (PSD) of streamwise velocity fluctuation velocity at x/D = 1 on the lip line. A
broadband spectrum is observed and no dominant peak could be detected. The spectrum



Energies 2022, 15, 640

6 of 22

decay rate corresponds to the Kolmogorov —5/3 spectrum, indicating the existence of the
inertial subrange.

02—

oD

0.0+—m—m—mm———————

Figure 5. Coherent structures of the unforced jet, visualized by the iso-surface of pressure and colored
by the streamwise velocity magnitude, p/ pujz =—0.03.
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Figure 6. Power spectral density of the streamwise velocity fluctuation at x/D =1, y/D = 0.5.
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3.2. Forcing at Different Amplitudes
3.2.1. Effect on Mean Flow Field

At first, the velocity decay metric U, defined as the ratio of the forced jet average
velocity to the unforced jet average velocity at a downstream location of 10D along the

. . Uyop, forced
centerline, i.e., U* = u&,
10D, un forced

been proved that U has direct relevance of jet entrainment and mixing [11,13,14]. Figure 7
shows the dependence of U™ on MFR at Stp = 0.1. At low MFR, U decreases rapidly,
implying a better mixing. When MFR is increased beyond 1%, it increases, suggesting
an adverse impact on the control. Figure 8 shows the time-averaged streamwise velocity
along the centerline for different amplitudes. The results exhibit a consistent trend. In
particular, the velocity decays faster in the near field with increasing amplitude. However,
beyond the x/D = 6 position, the MFR = 1% case displays the maximum velocity decay rate
compared to the other cases. Figure 9 presents contours of the time-averaged streamwise
velocity in the forced plane in order to examine the primary jets development. The results
indicate that the jet shear layer spreads faster in the near field with increasing control jet
amplitude. It could be noticed that, downstream, the jet splits into two branches, forming a
bifurcating jet. Once the bifurcation has been established, two velocity peaks are displayed
in bifurcation plane in radial direction and the jet separates as flows downstream. The
spreading rate and mixing are significantly amplified [16]. Moreover, Figure 8 reveals that
the forcing amplitude has a significant effect on jet bifurcation. When the MFR is below
1%, the jet bifurcates in the upstream with a larger angle with increasing amplitude, so the
bifurcation is enhanced. However, when the MFR is further increased, the two branches
tend to move towards each other, resulting in a smaller bifurcation angle. This variation
trend is consistent with that of the U" depicted in Figure 8.

is used to evaluate the jet entrainment and spread. It has

0.5 : : : .
n
0.4-
. ]
D 0.3 A /.
0.2- /
T T T T
0.6 0.8 1.0 12 14 16

MFR%

Figure 7. Velocity decay metric U" for different amplitudes.
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Figure 8. Decay of the time-averaged streamwise velocity along the centerline for different amplitudes.
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Figure 9. Time-averaged streamwise velocity in the forced plane, normalized by Uj. (a) MFR = 0.67%,
(b) MFR = 0.83%, (c) MFR = 1%, (d) MFR = 1.2%, (e) MFR = 1.5%.

To quantify these observations, the jet half-width in the forced plane, defined as
U(x, 695, 0) = 0.5U(x, 0, 0), is plotted in Figure 10. The results illustrate that the MFR = 1%
case exhibits the largest jet width downstream of x/D = 8. This is consistent with the
distinct bifurcation that can be observed in Figure 9c. For an MFR higher than 1%, the
jet width grows faster in the near field. However, downstream of x/D = 6, the spreading
rate changes to a lower and more homogeneous value, indicating that the jet bifurcation is
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constrained. The difference between peaks and centerline velocities can be used to evaluate
the strength of the bifurcation [26]. Figure 11 shows the strength of the bifurcation with
different amplitudes. The results suggest that the jet bifurcated at an upstream location as
the forcing amplitude increases. Then, the bifurcating strength decays in a nearly linear
relationship with distance. It is remarkable that, at MFR = 1%, the jet exhibits the largest
bifurcation strength and the slowest decrease of its magnitude. As can be seen in Figure 12,
the radial location of the peak velocity also increases linearly with increasing streamwise
location. The slope of the line can be defined as the bifurcation angle of the jet. Table 1
lists the bifurcation angles with different forcing amplitudes, confirming that forcing at
MER = 1% yields the largest bifurcation angle, while when the MFR of the pulsed jet is
further increased; the effect on jet bifurcation is negative.

6 T T T T T T T T
51— MEFR = 0.67% ,
MFR = 0.83% 7
MEFR = 1%
41 MFR = 1.2%
1 ——MFR =1.50% ]
SIS
'\
=) i
2]
24
14 i
0 T T T T T T T T T T T
0 2 4 6 8 10 12
x/D
Figure 10. Jet half-width in the forced plane for different amplitudes.
0.3 T : T - T
—u— MFR = 0.67%
MFR = 0.83%
. MEFR = 1%
> MFR = 1.2%
= 0296 MFR=1.5% T
) /’\’
g o* Se—e
v / ~g
S N
2014 & . -
S
DS ./l/.\'\-~l—l\.\.
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Figure 11. Bifurcation strength for different amplitudes.
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Figure 12. Radial location of the velocity peaks with streamwise distance for different amplitudes.

Table 1. Bifurcation angle under different amplitudes.

MFR% 0.67 0.83 1 1.2 1.5
o’ 16.45 20.34 21.59 17.76 10.67

3.2.2. Effect on Azimuthal Structures

The mechanism of the bifurcating jet can be described as follows. The flapping pertur-
bation promotes the generation of inclined vortex rings with uneven vorticity distribution.
Consequently, the vortex rings have different self-induced velocities. When the induced
radial velocity is large enough, the vortex rings alternatively separate, forming two dis-
tinct branches [16]. The experiment of Parekh et al. [27] revealed that the spreading angle
increases dramatically with increasing excitation amplitude. They also mentioned that a
saturation level in amplitude should be expected; however, this was not reached in the
experiments. The observations of the present study prove the existence of an amplitude
saturation value. This implies the existence of an unclear mechanism of bifurcating jet in
this kind of forcing method, as the bifurcations are restrained at higher amplitudes. In order
to further investigate these problems, the present work firstly focused on the large-scale
vortex structures. Figure 13 displays the coherent structures in the flow field at the same
phase in one forcing cycle. The length of the major grid is 2D in these figures. As reported in
our previous study, inclined vortex fragments generated by the perturbation of the pulsed
jets gradually grow in the azimuthal direction into full rings and then alternatively move
to opposite directions in the downstream [20]. As the forcing amplitude increases, the
vortex ring tends to be larger in scale and grows faster in the azimuthal direction. When
the formation of the vortex tube begins, both ends have a smaller cross-section, which leads
to a higher self-induced velocity compared to that at the middle part. In the downstream
direction, the mutual interaction of neighboring rings promotes the inclination so that there
is a larger radial velocity, ultimately resulting in the splitting of the primary jet [20,28].
According to Figure 13, when the azimuthal vortex structure grows into a full ring, it tends
to tilt at a smaller angle with respect to the nozzle exit with increasing amplitude. This
results in a smaller projection of the induced velocity in the radial direction, which has a
negative effect on bifurcating.
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Figure 13. Coherent structures under different amplitudes, visualized by the iso-surface of pres-
sure and colored by the streamwise velocity magnitude, p/ psz = —0.05. (a) MFR = 0.67%,
(b) MER = 0.83%, (¢) MFR = 1%, (d) MFR = 1.2%, (e) MFR = 1.5%.

In addition, the forcing amplitude also has a crucial impact on the strength of the
azimuthal structures. To subtract large-scale structures from fine turbulence, the instan-
taneous velocity snapshots were processed using the proper orthogonal decomposition
(POD) method, after which they were reconstructed with only the first few modes. This
method has been introduced in our previous study [20]. In Figure 14, the vorticity in the
near field of the forced plane is displayed. It can be observed that the vortices generated
at higher forcing amplitudes have a larger vorticity magnitude and a less elliptical shape.
These observations are related to the generation of the vortex. As explained in our previous
study, the injection of the control jet induces a large negative velocity gradient (— aa—‘;), which
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v/D
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promotes the roll-up of the shear layer [20]. A higher forcing amplitude corresponds to a
higher momentum ratio, which leads to deeper penetration in the primary jet and larger
velocity gradient. Hence, the vortex is stronger and causes larger self-induced velocity
in the near field, which has positive effect on jet bifurcation based on the mechanism of
formation of bifurcating jet. Consequently, there is a balance of effects on vortex rings when
the amplitude is increased, and apparently, the primary jet exhibits the largest bifurcation
angle at medium amplitudes.

8-6-4-202 46 8

x/ﬁ ' ' x/ﬁ
(a) (b)

8-6-4-20 2 4 6 8

0 0.5 1 15
x/D

()

Figure 14. Spanwise vorticity in the forced plane in the near field under different amplitudes,
normalized by U]-/ D. (a) MFR = 0.67%, (b) MFR = 1%, (c¢) MFR = 1.5%.

Figure 15 illustrates the spanwise vortices under different amplitudes further down-
stream. At this position, the vortex has grown into a full ring. The vorticity lumps with
opposite signs in the shear layers are the cross-sectional plane of the vortex ring. Figure 15
also reveals that the vortex ring inclines less to the downstream with increasing forcing
amplitude. While the upper part of the ring is located at the same place, the lower part
is located at a further upstream position as the amplitude increases. It is also noteworthy
that the vorticity magnitude at the lower shear layer is decreased at higher amplitudes. At
the highest amplitude investigated in this study, the lower part of the vortex ring moves
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-8-6-4-22 46 8

1

upstream of the upper part and the vortex becomes hardly discernible. This is the result of
the stronger interaction between the streamwise vortex pair and the vortex ring, which will
be discussed later in this paper.

-8-6-4-22 46 8

W S w
(a) (b)

45

4
x/D
(c)

Figure 15. Spanwise vorticity in the forced plane in the downstream field under different amplitudes,
normalized by U;/D. (a) MFR = 0.67%, (b) MFR = 1%, (c) MFR = 1.5%.

The behavior of the azimuthal vortex can also be indicated by the PSD of the velocity
fluctuation in the shear layer. The instantaneous velocity was collected at the lip line of the
forced plane at different streamwise positions (y/D = 0.5, x/D =2, 4). In Figure 16a, the
peak value at forcing frequency f. implies that the vortex strength increases with increasing
amplitude. This is consistent with the observations in Figure 14. When the spanwise
structure evolves into a full ring, two rings go through the shear layer in a cycle; thus, the
peak at 2f, emerges. At x/D = 2, this value is distinct at MFR = 1.5%, while it is hardly
discernible at MFR = 0.67%. This result proves the difference in azimuthal growth rate of
the spanwise structure that was observed in Figure 13. In the downstream, the peak values
at MFR = 1% become the largest, which indicates that the coherence of the vortex ring is
impaired at higher amplitudes.
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Figure 16. PSD of the velocity fluctuation in the shear layer. (a) x/D =2, (b) x/D = 4.

3.2.3. Effect on Streamwise Structures

When the azimuthal structures grow in the azimuthal direction, they interact with
the structures produced by the control jets. Figure 13 illustrates that these structures are a
leading vortex followed by a counter-rotating vortex pair (CVP) in the braid region, and
are formed by the deflection of the secondary flow [29]. It is believed that the interaction
between streamwise structures and titled vortex rings makes the rings less inclined. In
order to investigate the behavior of the CVDP, the instantaneous streamwise vorticity in fixed
cross-sectional planes was acquired over a series time sequence to reflect the passage of
the streamwise vortex structures. The original flow field is also processed by POD. The
streamwise vorticity and in-plane velocity vectors of the MFR = 0.67% case at x/D = 0.5 are
demonstrated in Figure 17. At t = 0, the control jet on the y-direction suspends the ejection
and the control jet at the opposite side begins to work. The CVP produced during the
previous period remains around (—0.5D, £0.4D). Then, at t = 0.125 T, another CVP emerges
with larger vorticity, which is the front part of the streamwise vortex tubes. At the same
time, the CVP at the y-direction disappears, since it has convected downstream. Att=0.5T,
the vortex structure is similar to that in the beginning, but it is actually a mirror image. It can
be deduced that the front parts of the two vortex tubes are closer than their tail parts. In this
plane, the structure of the vortex is simple, since the tilted azimuthal vortex near the nozzle
exit is still small and does not interact with the CVPs. Figure 18 illustrates the development
process of the CVP at the x/D =2 plane. Figure 18a is the moment when the front part of the
CVP in y-direction interacts with the inclined vortex ring, which has been produced by the
control jet in the y-direction. It can be seen that the CVP is located at approximately (—0.3D,
£0.2D), and penetrates deeper into the primary jet. This is attributed to that the front part
of the tilted vortex ring (in the y-direction) has inward induced velocity, inhaling the CVP
into its interior. As the vortex ring moves downstream, the inward induction becomes
weaker, causing the CVP to gradually separate in a further radial position with larger size.
It should be mentioned that the lump of vorticity in the elliptic shape in Figure 18b is the
projection of the rear part of the tilted ring on the cross-sectional plane. When the vortex
ring leaves the plane, it induces a large velocity in the y-direction, which is adverse to that
of the CVP. This weakens the CVP significantly and makes it difficult to be distinguished
(Figure 18c). As the vortex ring moves further downstream, its adverse effect on the CVP
is diminished, while the next vortex ring arrives at the x/D = 2 plane. This vortex ring is
behind the CVP; thus, its outward induced velocity makes the CVP to gradually separate.
This can be observed in Figure 18d,e, where the distance between the two streamwise
vortices increases evidently. Moreover, the occurrence of other CVPs in the y+ direction
can be observed at (0.3D, £0.2D). In Figure 18f, the CVP, entirely separated, has smaller
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size and magnitude and is located around (—0.5D, £0.9D). It shows that the tails of the

streamwise vortex tubes are attached on the outer surface of the vortex ring. The location is
to that of the streamwise structures formed due to the azimuthal instabilities in the braid

induced by the azimuthal vortical structure. The dynamics of the CVP are very similar
region, at which the downstream portions are pulled inside the jet

determined by the balance between its induced inward velocity and the outward velocity

parts are stretched outwards and then wrapped around the vortex ring
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0.67% case at the

2 cross-sectional plane in a time sequence, normalized by Uj/ D.(a)t=0875T,(b)t=1T,

Figure 18. Streamwise vorticity and in-plane velocity vectors for the MFR

x/D
()t=0.125T,(d)t=03T,(e)t=035T,(f) t =047 T.
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In Figure 19, the time-averaged streamwise vorticity at the x/D = 0.5 cross-sectional
plane at the three different amplitudes is presented in order to investigate the effect of forc-
ing amplitude on the streamwise structures. At higher amplitudes, the streamwise vortices
have a larger size and penetrate deeper into the primary jet. The vorticity magnitude also
increases significantly. Therefore, the entrainment of the CVP becomes stronger, leading to
a faster spread of the primary jet in the near field (Figure 11). Consequently, the strength of
the mutual induction between streamwise and azimuthal structures is also enhanced.
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Figure 19. Time-averaged streamwise vorticity at the x/D = 0.5 cross-sectional plane under different
amplitudes, normalized by U;/D. (a) MFR = 0.67%, (b) MFR = 1%, (c) MFR = 1.5%.

3.2.4. Mutual Interaction

As mentioned above, the mutual interaction between vortex rings and streamwise
structures reduces the inclination angle of the vortex ring, which has a negative effect
on jet bifurcation. In order to clearly observe the critical process, the evolution of these
three-dimensional structures is visualized by iso-surfaces of pressure in Figure 20. In the
first image, the upper control jet has just been activated. A streamwise vortex pair has
formed, and at the opposite side, the resulting azimuthal vortex fragment with both ends
inclined downstream is visible. Since the size of the azimuthal vortex is still small, it does
not interact with the streamwise vortex pair at this time point. As these structures move
downstream, the streamwise vortex pair penetrates deeper into the primary jet and the
spanwise structure grows along the azimuthal direction. When these structures interact,
the large inward induced velocity between the two streamwise vortices pulls the azimuthal
structures towards the center of the jet. At the same time, out of the streamwise vortices,
the induced velocity pushes the vortex ring to larger radial place and broadens the front
part of the ring. In addition, this effect makes this part of the ring to move further away
from the high-speed region of jet, lowering its convection velocity. Since the leading
parts of the streamwise vortices are inclined towards the primary jet, these vortices also
drag the front part of the vortex ring backwards. These combined effects undulate the
vortex ring, increasing its shape complexity. Consequently, the leading part of the vortex
ring is gradually pulled back, and the inclination is decreased. Moreover, some induced
streamwise vortices are generated at the position where the ring has been folded, and can be
clearly observed in the last image. The induced structures are very similar to those formed
at the corners of a rectangular jet [31]. According to the discussion on Figure 19, as the
forcing amplitude increases, the strength of the streamwise vortices increases significantly,
after which the effect of mutual interaction on the vortex ring becomes stronger. As a result,
the inclination of vortex ring is restrained (Figure 13).
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Figure 20. Interaction between the streamwise vortex pair and azimuthal vortex, visualized by the
iso-surface of pressure and colored by the streamwise velocity magnitude, p/ pl,I]-2 =—0.15.

3.3. Coupling Effect of the Forcing Frequency and Amplitude

The forcing frequency is one of the most important parameters in the pulsed jet flow
control method. Previous studies have shown that the major effect of the forcing frequency
mainly affects the streamwise spacing between two successive vortex rings [20]. At low
frequencies, although each ring can grow to a larger size, the mutual induction between
two neighboring rings is very weak, since the distance between them is large. At high
frequencies, the vortex structures are closely spaced; thus, each vortex is of a small size.
The structures interact near the nozzle exit before evolving to full vortex rings. Hence, the
mutual induction is also not strong. At the optimal frequency, the vortex rings are well
arranged, and the front part of a full ring can be pulled into the rear part of the preceding
ring. This causes a strong mutual interaction that significantly increases the inclination
of these two rings. Consequently, the jet bifurcates further downstream. In addition, as
thoroughly explained in the previous subsection, the forcing amplitude also affects the
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evolution of the vortex structures. Therefore, there must be a coupling effect between these
two factors. This has been previously discussed in the study by Wickersham [13].

In order to investigate and verify this phenomenon, some additional simulations with
various combinations of frequencies and amplitudes were carried out, and the centerline
velocity decay metric U is displayed in Figure 21. These results confirm that the optimal
frequency with regard to centerline velocity decay rate decreases with an increasing forcing
amplitude. When the forcing amplitude is low, the optimal frequency is within the range of
the preferred mode frequency of an unforced jet (Stp = 0.2~0.6, which varies for different
injtial conditions). At high amplitudes, the optimal frequency converges to approximately
0.1. This can be inferred from the fact that the value of U increased abruptly when Stp
decreased from 0.1 to 0.05, regardless of the forcing amplitude. One possible explanation
for the shift of the optimal frequency may be the following. When the forcing amplitude
increases, the azimuthal vortex has a higher vorticity magnitude and grows faster in the
azimuthal direction. Therefore, the interaction between the successive structures will occur
earlier compared to that at a lower forcing amplitude. The upstream half of a preceding
vortex ring, which is stronger, will engulf the front half of a newly generated vortex
structure before it develops to a full ring. In this case, the intensive mutual induction
between these two structures, which is crucial for the off-centerline movement of the
vortex ring, would not happen. A lower forcing frequency would result in a long distance
between two neighboring vortex rings, preventing the weaker part of the succeeding
ring being engulfed by the preceding one. Consequently, a slip-through motion between
the two full vortex rings will take place. Due to the induction, the weaker half of the
upstream vortex ring is inhaled and slips through the stronger part of the preceding vortex.
During this process, the preceding vortex is pulled to outward and becomes more inclined.
Consequently, a large off-centerline velocity is produced by these two vortices [28].

0.7 1 —a— MFR =0.5%
—eo— MFR =0.67%
—— MFR =0.83%

0.0 0.1 0.2 0.3
Sty

Figure 21. Velocity decay metric U versus frequency for different amplitudes.

To illustrate this, the coherent structures under different amplitudes and frequencies
are displayed in Figure 22. When the MFR is 0.67%, the vortex ring is stronger and more
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complete at the location where mutual induction occurs at Stp = 0.15, which is the optimal
frequency at this forcing amplitude. When the amplitude is increased to 0.87%, the vortex
becomes stronger and larger in size. The two vortices mentioned above coalesce to a
larger one. While the Stp is reduced to 0.1, which is the optimal frequency at this forcing
amplitude, the two vortices become more separated and inclined, indicating vigorous
induced velocity between them. Figure 23 shows the radial velocity at this moment, the
arrows point to the vortices. This result is consistent with the interpretation of Figure 22.
Concerning the saturation of the optimal frequency at higher amplitudes, two main reasons
may be responsible. First, when the frequency is further decreased, the distance of two
neighboring vortex rings is too far to result in intensive induction. The slight oscillation
of the primary jet attributes to the initial inclination of the vortex ring. Second, at higher
amplitudes, the streamwise vortex pair plays an important role in pulling the vortex
backwards, which also makes the vortices less inclined. The time-averaged streamwise
velocity contours for Stp = 0.05 at two different amplitudes are displayed in Figure 24.
It can be seen that, under these conditions, these jets do not bifurcate at all and are very
similar to an unforced jet.
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Figure 22. Coherent structures under different amplitudes and frequencies, visualized by the
iso-surface of pressure and colored by the streamwise velocity magnitude, p/ psz = —0.05.
(a) MER = 0.67%, Stp = 0.15, (b) MFR = 0.67%, Stp = 0.2, (c) MFR = 0.83%, Stp = 0.1, (d) MFR = 0.83%,
Stp =0.15.
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Figure 23. Radial velocity induced by the vortex rings, normalized by U;. (a) MFR = 0.83%, Stp = 0.1,
(b) MFR = 0.83%, Stp = 0.15.
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Figure 24. Time-averaged streamwise velocity in the forced plane under different amplitudes.
(a) MFR = 0.67%, Stp = 0.15, (b) MFR = 0.83%, Stp = 0.05.

4. Conclusions

In the present work, a turbulent jet controlled by two pulsed jets operating at a flapping
mode was investigated using LES. The effect of forcing amplitude has been investigated
in detail. Moreover, the coupling effect of forcing frequency and amplitude has also been
discussed.

According to the results of this study, it has been found that the forcing amplitude has a
significant effect on jet development. As the amplitude increases, the primary jet bifurcates
at a further upstream position with a larger angle. At MFR = 1%, the jet exhibits two distinct
branches with the largest angle. When the forcing amplitude is further increased, the two
branches tend to approach each other. This phenomenon is attributed to by the effect of
amplitude on the streamwise vortex pair and azimuthal vortex ring. As the amplitude is
increased, the streamwise vortex pair increases in strength and penetrates in primary jet
deeper. The front part of the streamwise vortex pair is inhaled into the inner part of the
preceding vortex ring, while its tail is pushed outwards and is then wrapped on the outer
surface of the following vortex ring. The front part of the streamwise vortex drags the front
half of the preceding vortex ring backwards. This makes the vortex ring less inclined, and
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thus, it impacts on the jet bifurcation. Meanwhile, higher forcing amplitudes can generate
a vortex ring with larger vorticity and size. This leads to a more uneven distribution
of vorticity, which promotes the jet bifurcation. These combined effects indicate in the
existence of optimal forcing amplitude that the jet bifurcates and spreads the most.

The coupling effect of forcing amplitude and frequency is also investigated. The
results demonstrate that the optimal frequency with regard to mixing efficiency decreases
with increasing amplitude and saturates at larger amplitude. At the optimal frequency, two
successive vortex rings have an intensive mutual induction, which causes the primary jet to
bifurcate and spread rapidly. When the amplitude increases, the interaction occurs earlier
before the succeeding vortex develops to a full ring, impairing the effect of mutual induction
on the vortices. A lower frequency is needed to enlarge the space between neighboring
rings so that the vortex structures can recover to optimal pattern. The saturation of the
optimal frequency is related to the too large distance between neighboring rings and the
increasing effect of the streamwise vortex pair, which inhibits the mutual induction.
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Nomenclature

MFR Mass flow ratio
CVP  Counter-rotating vortex pair

fa Axial frequency, Hz
fn Helical frequency, Hz
St Strouhal number

LES  Large-eddy simulation
Velocity, m/s

Density, kg/m3

Pressure, pascal

Viscosity, m?/s

Subgird stress tensor
Subgrid eddy viscosity, m? /s
Filter width

sg Subgrid kinetic energy

ii Filtered strain rate tensor
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Dissipation rate

Nozzle exit diameter

Wall Y plus

Bulk velocity, m/s
Time-averaged streamwise velocity, m/s
Shape factor

Momentum thickness

Mean streamwise velocity, m/s
PSD  Power spectral density

u Velocity decay metric

POD  Proper orthogonal decomposition
fe Forcing frequency, Hz
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