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Abstract: This paper deals with active control of a continuous jet issuing from a long pipe nozzle
by means of a concentrically placed annular synthetic jet. The experiments in air cover regimes of
laminar, transitional, and turbulent main jet flows (Reynolds number ranges 1082–5181). The velocity
profiles (time-mean and fluctuation components) of unforced and forced jets were measured using
hot-wire anemometry. Six flow regimes are distinguished, and their parameter map is proposed. The
possibility of turbulence reduction by forcing in transitional jets is demonstrated, and the maximal
effect is revealed at Re = 2555, where the ratio of the turbulence intensities of the forced and unforced
jets is decreased up to 0.45.

Keywords: flow intermittency; flow control; turbulence; synthetic jet actuator; coaxial jets; annular
synthetic jets

1. Introduction

Fluid jet flows are one of the free shear flows that occur without a direct impact of
wall boundaries on fluid motion. The fluid motion can be laminar or turbulent in character.
The governing parameter is the Reynolds number, Re = Um D/ν, where Um is the mean
velocity through the nozzle producing the jet, D is the characteristic scale, which is the
nozzle diameter for round jets, and ν is the kinematic viscosity of the working fluid.

The jet flows were investigated in many theoretical, experimental, and applied studies;
see Schlichting [1], Abramovich [2], and Blevins [3]. For a given geometry, the laminar-
turbulent transition (or onset of turbulence) is linked with the critical Reynolds number,
Rec. While the flows through pipes and ducts can be laminar up to a relatively high Re
(typically Rec~2300), the transition in jets occurs at Re and is about two orders of magnitude
smaller due to an absence of the wall stabilization effects. For example, Bejan [4] specified
Rec~10–30 for round jet flows.

The laminar–turbulent transition is linked with the jet intermittency and occurrence
of the coherent structures, as was studied by many authors, e.g., Crow and Champagne [5],
Yule [6], Hussain and Husain [7], Zaman [8], Komori and Ueda [9], Thomas [10], and
Matsuda and Sakakibara [11].

The vortex structures originate from instabilities in boundary layers in the nozzle. They
are shed from the nozzle and drifted by the shear layer. The initial structures are developed
into large-scale coherent structures. The possibility to control these processes remains a
great challenge for researchers, see Hussain and Husain [7], Fiedler and Fernholz [12],
and Gad-el-Hak [13]. Active control was investigated using periodic forcing at one or
more frequencies. The physical mechanism of such control lies in the modification of the
coherent structures; therefore, the appropriate forcing frequencies can be derived according
to the behavior of unexcited jets. The characteristic passage frequencies of the structures in
a jet decrease along the jet mixing layer, while their space scale proportionately grows. The
dimensionless frequency can be quantified as the Strouhal number St = f D/Um, where f is
the frequency. The characteristic frequencies of round jets were experimentally investigated
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by Crow and Champagne [5] by introducing small artificial external excitations. They
considered that the highest sensitivity indicates the most amplified mode, known as the
most preferred mode. This mode was revealed at the Strouhal number St = 0.3–0.35 [5].

Liu and Sullivan [14] measured the natural frequency of an unexcited round jet relating
to the jet–column mode, concluding that the Strouhal number decreases from 1.23 near the
exit to 0.61. Moreover, a stepwise evolution of the vortex passage frequency with a distinct
hysteretic effect was presented [14]. Note that similar stepwise and hysteretic effects were
found for high-frequency acoustic forcing at St = 3.54 by Kibens [15].

Thomas [10] concluded a bit wider range of St from 0.25 to 0.85 due to a variation in
the boundary layer thickness at the nozzle exit. Consistently, Vlasov and Ginevski [16]
found that the Strouhal number value decreases from about St = 5–1 near the nozzle to
St = 0.3–0.5 at the end of the initial region.

Lepičovský et al. [17] investigated high-speed round jets under strong upstream acous-
tic excitations (up to 141 dB) at Strouhal numbers of 0.4, 0.5, and 0.6. They found that the
upstream acoustic excitation can enhance flow turbulence, jet spreading rate, and fluid
mixing. The effects were significant at the end of the jet potential core due to a promoted gen-
eration of the large-scale structures. Similar results were found by Vlasov and Ginevski [16],
who revealed that low-frequency acoustic excitations at Strouhal numbers in the range of
0.2–0.6 enhance flow turbulence, jet spreading rate, and fluid mixing through the promotion
of large vortices. On the other hand, high frequency forcing at St = 2–5 reduced flow
turbulence, jet spreading rate, and fluid mixing through the promotion of small vortices.

An acoustic forcing at two frequencies was investigated by Cho et al. [18]. They
revealed that the vortex pairing can be controlled, and the mixing rate can be enhanced by
the simultaneous forcing at the fundamental and subharmonic frequencies at St = 0.3–0.6.
Note that the 0.3 value agrees well with the most preferred mode, as was referred to in the
text above [5]. Moreover, a nonpairing advection of vortices was found for higher-frequency
excitations at St~0.6–0.9 [18].

Another experimental investigation of the double-frequency excitation was described
by Vejražka et al. [19] at St = 0.3–3. They revealed that a very high sensitivity of vortex roll-
up processes to a low-frequency excitation, leading to the formation of larger vortices and
an enhancement of velocity fluctuations. On the other hand, a higher-frequency excitation
supported the roll-up of small vortices with an attenuation of the velocity fluctuations.
Moreover, the double-frequency excitation with subharmonic components promoted the
vortex merging process [19].

Hwang et al. [20] investigated actively controlled round jets. They used a coaxial
arrangement of a central smoothly contoured nozzle with an annular control nozzle. The
acoustic excitations were tested at St = 1.2–4.0. The vortex pairing was promoted at St = 1.2,
and the heat transfer on the impingement wall was reduced. On the other hand, the
excitation at St = 2.4 and 3.0 caused an extension of the potential jet core. Effects of a steady
control co-flow or counter-flow were investigated as well [20].

Diep and Sigurdson [21] used a coaxial arrangement with the main round jet and an
annular control jet to model a smokestack with an actively controlled plume. A similar
arrangement with an annular control jet was investigated by Koso and Kinoshita [22], and
two different control mechanisms were distinguished. The first mechanism is induced by
actuation by a very weak-magnitude oscillation where the jet spreading rate and the fluid
mixing are enhanced, and thus, the velocity is reduced. The second mechanism is produced
by a strong actuation, where the momentum of the main and control jets accumulates, and
thus, the velocity is increased. In fact, both control jets [21,22] are synthetic jets in character.

The synthetic jet (SJ) is a fluid flow that is “synthesized” from a periodic motion of
fluid oscillating between an actuator cavity and its surroundings through an orifice or
nozzle [23–26]. The flow in the actuator nozzle reverses its orientation after each driven
cycle and another commonly used expression is the zero-net-mass-flux jet [27,28]. Probably
the first working SJ actuator was the pioneering air-jet generator designed and employed
by Dauphinee [29]. Since the end of the last century [23], the phenomenon has been
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investigated in terms of problems of modeling and performance [30–35], as well as design
and optimization [36–40]. A primary reason for such interest is the potential of SJ for various
applications, such as active flow control [27,41–48], convective heat transfer [49–60], mixing
enhancement, and thrusters for underwater vehicles [26]. Note that the convective heat
transfer applications in impinging jet arrangement [49–60] are considered as a potentially
very promising area for the investigated subject. However, the jet impingement effects are
beyond the main scope of this study.

The leitmotif for the present study is a generally accepted idea that external flow
oscillation and synthetic jet actuation can be used as an effective flow control tool. The
objective of the present study is to experimentally demonstrate and quantify flow control
possibilities in the case of a coaxial arrangement of the main and control jets. The main
round jet issues from a relatively long straight pipe, and the control jet is an annular
synthetic jet. Although such an arrangement has been studied previously in two available
journal papers (Diep and Sigurdson [21], Koso and Kinoshita [22]), both papers focused
mainly on flow visualization and flow fields. The impact of the flow control (in this
particular arrangement) on the transition to turbulence and the intermittency factor has
not been studied thus far. Moreover, the present study also revealed the possibility of how
to reduce the intensity of turbulence using this particular arrangement.

Problem Parameters

Figure 1 shows a schematic view of the coaxial geometry in which the main round jet
is continuous in character and a control jet is the annular SJ. As the main jet issues from a
relatively long straight circular pipe (pipe nozzle in short), the pipe flow can be considered
approximately developed at the end of the pipe.

Figure 1. Schematic view on the studied coaxial jets.

The investigated range of Reynolds numbers is Re = Um D/ν = 1082–5181. Due to
the chosen Re range, the flow issuing from the pipe end covers laminar, transitional, and
turbulent regimes with an intermittent character.
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The control SJ issues from an annular nozzle towards the shear layer of the main
jet. The characteristic length scale of the SJ is the “stroke length” L0 = U0T, where T is
the period (T = 1/f, where f is the driven frequency), and U0 is the characteristic velocity.
Assuming the slug flow model (uniform velocity profile at the nozzle exit), U0 can be
evaluated as the extrusion orifice velocity averaged over the entire cycle [23].

U0 =
1
T

TE∫
0

u0(r = 0, t)dt (1)

where TE is the extrusion time (TE = T/2 at a common sinusoidal waveform of u0(t)), and
u0 is the velocity at the nozzle exit, x = 0.

The SJ Reynolds number is then defined as ReSJ = U0Do/ν.
The strength of the control SJ relatively to the main jet can be quantified in terms of

the ratio of velocities as
cU =

U0
Um

(2)

where Um is the exit mean velocity of the continuous jet.

2. Experimental Setup and Methods

Figure 2 shows a schematic view of the investigated coaxial geometry, including the
coordinate system x, r. Following Figure 1, the main round jet is continuous in character
and the control jet is the annular SJ. The main jet issues from a relatively long pipe with
inner diameter D = 10.05 mm and length of 75 D. The nozzle is oriented vertically, and the
flow direction is from top to bottom. Experiments were conducted with air as the working
fluid. The air into the pipe was supplied by a compressor, and the volume discharge was
kept constant by a pressure regulator. The airflow passed through a flexible plastic tube of
12.5 mm in diameter. The inlet of the tube was equipped with a honeycomb to suppress
the rotational component of the velocity. The flow rate was evaluated from the hot-wire
measurement, which is described in the following text. As this evaluation was made during
the postprocessing, the rotameter was installed upstream of the test section to measure
instantaneous flow rate and indicate its drifts.

The SJ actuator consists of a sealed cavity equipped with an electrodynamically
actuating diaphragm of diameter DD = 53 mm, which was built from MONACOR SP-7/4S
loudspeakers with the following nominal electrical parameters: the impedance, RMS power
capacity, and peak power capacity are 4 Ω, 4 W, and 8 W, respectively. The outer and
inner diameters of the annular nozzle are Do = 15.05 mm and Di = 11.95 mm, respectively.
The actuator is fed by a sinusoidal current from the sweep/function generator (AGILENT
33210A) with the audio amplifier (PIONEER A-209R). The range of tested frequencies was
52–246 Hz. The true root-mean-square (rms) alternating current, voltage, and power were
measured by an in-house-built digital multimeter with a 13 kHz sampling frequency; the
accuracies were ±1.6%, ±0.8%, and ±2%, respectively. A more detailed description of the
experimental setup was presented in [61].

Jet flow velocities were measured using a hot-wire anemometer (MiniCTA 54T30,
DANTEC) in the constant temperature anemometry (CTA) mode with a single-sensor wire
probe (55P16) with a data acquisition device (NI PCI-6023E). Temperature measurements
using the temperature system 54T40 with a thermistor probe (90P10, DANTEC) were used
for the temperature correction of the hot-wire data. The sampling frequency was mostly
10 kHz, and 16,384 samples were collected using LabView software. The hot-wire data were
postprocessed in MATLAB. Considering the reciprocating velocity characteristics of the SJ
at the actuator nozzle, positive (extrusion) and negative (suction) flow orientations were
assumed velocities during the suction stroke were inverted to reflect the flow direction. This
de-rectification method is commonly used for SJ data processing [23]. The calibration was
made over a velocity range of 0.94–20 m/s. The uncertainty of the hot-wire data is a complex
phenomenon, where several inputs must be considered, the highest contribution comes
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usually from the calibration (pressure measurement in the present study), other major
contributions come from linearization errors, A/D resolution, and temperature/pressure
changes during measurement. The maximum relative uncertainty of a single velocity
sample was evaluated to be below 7% for velocities in the range of 2–20 m/s. For small
velocities, the uncertainty was 20% (at a 95% confidence level).

Figure 2. Investigated configuration (drawing not to scale); dimensions: ϕ D = 10.05 mm;
Di = 11.95 mm; ϕ Di = 15.05 mm; L1 = 12.5 mm; L = 750 mm.
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3. Results and Discussion
3.1. Frequency Characteristics of the SJ Actuator

Figure 3 shows the velocity resonance curve as the dependence of the characteristic
velocity on the driving frequency. The measurement was made for a constant real input
power of P = 2.0 W ± 1%. The maximum U0 velocity was achieved approximately at 134 Hz.

Figure 3. Frequency characteristics of the SJ actuator evaluated for P = 2.0 W.

The first resonance of the actuator results from a transformation between the potential
energy of the diaphragm and the jet kinetic energy during each period. The first natural
frequency can be derived theoretically [62] as

ftheory =
1

2π

√
ASJKP

ρADLe
(3)

where ASJ and AD are the cross-sectional areas of the SJ actuator nozzle and the diaphragm
[ASJ = π (Do

2 − Di
2)/4 and AD = π DD

2/4, respectively], KP is the diaphragm spring
constant, ρ is the working fluid (air) density, and Le is the effective “fluid column” length,
Le = L1 + 8(Do − Di)/(3π). For the present geometry (Figure 2) and parameters of this study
(ρ = 1.16 kg/m3, KP = 4.8 · 105 N/m3), Equation (3) yields f theory = 144 Hz. This value is
indicated by the arrow in Figure 3, showing a very good agreement with the experimental
maximum of the velocity resonance curve.

3.2. Parameters of Examined Jets

Table 1 summarizes the parameters of the studied jets. Overall, 11 cases with Reynolds
number of the main jet ranging Re = (1082–5181) were examined. The Reynolds numbers
were chosen to cover the area of initially laminar, transitional, and turbulent flows. The
initial character of the main jet can be described by the ratio of the maximum velocity in
the nozzle exit profile (Umax, on the jet axis) and the mean exit velocity as follows:

k = Umax/Um. (4)

The k of the laminar (nearly parabolic) profile is close to the value of 2, while the fully
turbulent velocity profile (top hat) exhibits k around 1.2. It can be seen in Table 1 that the
jet’s profile remains laminar (at the pipe exit) up to Re ≈ 2163; as Re further increases, the
velocity profile then undergoes the gradual transition to turbulence.

For every case of the main (continuous) jet, the complementary synthetic jet was
chosen. The parameters (the frequency and power input) of the SJ were chosen to keep the
velocity ratio cu and Strouhal number approximately constant for all the cases. The velocity
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ratio was cu = 0.5, and the Strouhal number was kept close to the expected preferred mode
of the main jet, i.e., approximately St = 0.3; see Crow and Champagne [5].

Table 1. Parameters of the experiments.

Re Um (m/s) k = Umax/Um ReSJ U0 (m/s) f (Hz) P (W) cu

1082 1.74 2.0 169 0.86 52 0.13 0.49
1445 2.32 2.0 223 1.14 69 0.10 0.49
1851 2.97 1.9 311 1.58 89 0.08 0.53
2043 3.27 1.9 333 1.69 98 0.06 0.52
2163 3.47 2.0 320 1.63 103 0.04 0.47
2555 4.07 1.8 416 2.12 121 0.04 0.52
2820 4.49 1.6 459 2.34 134 0.06 0.52
2947 4.69 1.5 443 2.26 140 0.06 0.48
3130 4.98 1.4 478 2.43 149 0.10 0.49
4151 6.61 1.3 637 3.24 197 0.70 0.49
5181 8.25 1.3 754 3.83 246 2.23 0.46

3.3. Velocity Fields

Axial velocity profiles of the selected unforced cases from Table 1 along the jet axis
(r = 0) are shown in Figure 4a. The results are presented in the dimensionless form of
U/Umax. With increasing Reynolds number from Re = 1082 to 5181, the jets undergo a tran-
sition from the laminar regime (Re = 1082–1851) to the turbulent regime (Re = 3130–5181).
The jets with Re = 2043–2947 are the transitional ones. The region of the constant velocity
indicates the potential core for x/D = 0–4. Farther downstream, the velocity decay is de-
veloped. For the laminar cases, the process is gradual, without a rapid turning point in
the relationship. On the other hand, the turbulent cases show well distinguishable regions
of the constant velocity (potential core for x/D < 4) and the exponential velocity decay
with exponent approximately n = −1 for x/D > 4. The transitional cases represent the link
between the laminar and turbulent behavior.

The laminar–turbulent transition is also evident from the corresponding development
of the turbulence intensity, Tu = uRMS/U (Figure 4b), where uRMS is the fluctuation velocity
and U is the time-mean velocity at the same point. The difference between the laminar and
turbulent regimes is substantial: the level of Tu of laminar jets keeps under 1% up to the
distance approximately x/D = 10, then it abruptly increases. In contrast, the level of Tu of
the turbulent cases is higher from the very beginning, up to 10% in the jet potential core
region and rising higher more downstream. At the end of the studied area (x/D ≈ 20), the
levels of Tu in initially laminar and turbulent cases reach approximately the same level
between 20% and 30%.

The increase in the Tu level in laminar cases indicates that up to this distance the jets
undergo the transition to turbulence. The highest Tu level in the potential core region was
observed for Re = 2820, and with further increased Re, the Tu level slightly decreases. The
switching between the laminar and turbulent Tu curves occurs suddenly between Re = 1851
and 2043, and no interjacent curve was found. However, the end of the transitional process
cannot be unambiguously evaluated from axial velocity, and its fluctuation because no
noticeable difference was found between the transitional and turbulent velocity profiles.

The evolution of the axial velocity of the forced jets (the jet control is applied) is
shown in Figure 4c, and the corresponding fluctuation velocity profiles are in Figure 4d.
The forcing produces considerable changes in the jet flow. In all cases, the region of the
constant velocity after the nozzle exit can be seen up to the distance x/D = 4; this potential
core region is followed by the sharp decrease in velocity. While the forcing has almost
no effect for the initially turbulent cases, the striking difference can be observed between
the unforced and forced initially laminar cases (Re = 1082–1851), indicating that all the
jets under the forcing became turbulent at some distance, see Figure 4a,c. The forcing also
affects the intensity of turbulence. The forcing draws the Tu of the laminar cases nearer to



Actuators 2021, 10, 185 8 of 22

the turbulent ones; however, it is still lower in the initial (potential core) region (between
2% and 5%). The maximum value of Tu here is achieved for Re = 2820 and 3130. A slight
drop occurs at the end of the initial region for all the jets, this is again followed by an
increase in the Tu level, less marked with increasing Re.

Figure 4. Axial velocity profiles of (a,b) unforced jets and (c,d) forced jets; (a,c) dimensionless time-
mean velocity components, (b,d) turbulence intensities. For better clarity, the data set was plotted in
a reduced version.
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As expected, the control forcing impacts regimes of the main flow. For the given
geometry and chosen parameters of the control SJ (cu = 0.5 and St = 0.3 for all experiments
of this study), the local flow regime along the jet axis depends on two parameters: Re and
x/D. Figure 5 shows a map of parameters related to the flow regimes. For each point along
the jet axis, the Tuc/Tu ratio between the turbulent intensity in the forced and unforced
cases was evaluated, and Figure 5a shows the dependency of Tuc/Tu on Re and x/D. Six
flow regimes A–F were distinguished from Figure 5a; their basic parameters are listed in
Table 2, and the occurrence of these regimes is presented in Figure 5b.

Figure 5. Map of parameters related to the flow regimes A to F evaluated along the jet axis: (a) the Tuc/Tu ratio; (b) demar-
cations of the flow regimes A to F.

Table 2. Parameters of the six flow regimes A–F, which were presented in Figure 5b.

Tuc/Tu (max) Tuc/Tu (Average)

A 66.7 19.0
B 29.5 3.9
C 3.1 1.7
D 4.1 2.4
E 1.1 0.7
F 1.2 1.0

Initial region A has an enormous increase in the turbulence level in low Re jets. The
region is located near the nozzle exit, in the jet core. The Tuc/Tu ratio achieves values of
2–67. The region occurs approximately for Re < 2043 and x/D < 14.5.

Intermediate region B has a turbulence increase in low Re jets. The region is located
downstream the jet core, x/D > 14.5 for Re < 2043. The Tuc/Tu achieves values around 4.

Initial region C has weak or moderate turbulence increase in the core of transitional
jets where Tuc/Tu = 1.3–1.9. The region occurs approximately for Re = 2000–3700 and
x/D < 5–9.

Initial region D has a turbulence increase in the jet core of turbulent jets. The Tuc/Tu
ratio is 1.5–2 for Re = 3700–5000.

Intermediate region E has a decrease in the turbulence level in transitional jets. The
Tuc/Tu ratio is 0.45–1.0 and the region boundary defined by Tuc/Tu = 1 is plotted by the
dotted curve in Figure 5a,b. The reason for the turbulence decrease lies in the promotion of
the turbulence transition and acceleration of the energy transport process from the large-



Actuators 2021, 10, 185 10 of 22

scale structures to the smaller ones. In forced jets, these processes proceed predominantly
in the initial region C, which exists upstream of the E region.

Intermediate region F has a relatively weak increase or stagnation of the turbulence
level, where Tuc/Tu = 0.9–1.2.

As the E flow regime with turbulence reduction by the flow control seems to be
potentially interesting for subsequent investigations, a typical example of the development
of the turbulence intensities is presented in Figure 6 for Re = 2555. Development of
the Tuc/Tu ratio is plotted in Figure 6 as well, showing the minimum achieved ratio of
Tuc/Tu = 0.45.

Figure 6. Development of the intensity of turbulence along the axis for Re = 2555 for unforced (Tu)
and forced (Tuc) cases.

An intermittency factor γ was evaluated using a modification of the TERA method,
see, e.g., [63]. The hot-wire velocity data were filtered to remove the noise, and the detection
function was evaluated in the form of Z(t) = uRMS∂uRMS/∂t in MATLAB. As the next step,
the Z(t) results were smoothed and the criterion function S(t) was applied, and the threshold
was chosen as C = 10. Subsequently, to distinguish the turbulent and nonturbulent parts of
the signal, the indicator function I(t) was used as follows:

I(t) = 1, when S(t) ≥ C for the turbulent part, I(t) = 0, when S(t) < C for the nonturbu-
lent part.

Finally, the intermittency factor was evaluated.

γ =
N

∑
i=1

I(ti)

N
(5)

where N is the number of samples.
The factor was evaluated at the nozzle axis (r = 0), closely downstream of the nozzle

exit (x = 0.5 mm), and at x/D = 5. The γ-factor for both unforced and forced jets near
the nozzle exit is presented in Figure 7a. The intermittency factor remains nearly zero
for the Re = 1082–1851 near the nozzle exit, then starts to increase and approaches the
value of 1 at Re = 4151, indicating completion of the transitional process. The onset of the
transition well agrees with profiles of axial and fluctuation velocity components shown
in Figure 4a,b, where the beginning of the transition was also identified at Re = 2043. The
forcing influences the γ−factor, the curve of γ is shifted practically equidistantly toward
the lower Reynolds numbers. The transition begins at Re = 1445 and is finished with
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Re = 2820. It is worth noting that the annular SJ is not fully merged so near the nozzle
exit; despite this fact, the forcing affects considerably the main jet from the moment the
jet exits the nozzle. This can be attributed to the effect of an acoustic excitation caused
by the forcing jet. The intermittency factor of the unforced jet remains almost unchanged
at x/D = 5; a slight increase is achieved in the transitional cases. However, the forcing
causes the increase in the γ-factor for all the cases. Three, initially laminar, jets change into
the transitional ones, and all the transitional jets become turbulent by this distance. To
complete the picture, Figure 7b shows the intensities of turbulence of unforced and forced
jets at the same positions as in Figure 7a. In all cases, the maximum occurs within the end
of the transitional region (cf. Figure 7a).

Figure 7. Jet quantities evaluated at x/D = 0.05 and 5 for Re = 1081–5181: (a) intermittency factor;
(b) intensity of turbulence.

The effect of the forcing can be shown also on the transverse velocity profiles. Figure 8
shows the velocity and Tu profiles of the jet with Re = 1082 without forcing (Figure 8a,b)
and with forcing (Figure 8c,d), respectively. In accord with the previous findings from
Figures 3 and 7, the initial velocity profile (x/D = 0) is typically laminar with a parabolic
shape. The profiles remain almost unchanged up to x/D = 3. With increasing distance, the
slight decrease in the axial velocity accompanied by the profiles’ widening can be seen in
Figure 8a (see also Figure 4a). The level of turbulence intensity is low; see Figure 8b.
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Figure 8. Radial profiles of time-mean velocity components and turbulence intensities at Re = 1082 for
(a,b) unforced jets and (c,d) forced jets; (a,c) time-mean velocity components; (b,d) turbulence intensities.
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Forcing does not cause a substantial change to the nozzle exit velocity profile; the only
difference is the addition of the control jet, visible as two side peaks in Figure 8c. With
increasing distance, the control jet gradually merges with the main jet, and the profiles
become wider. This is accompanied by axial velocity decay. Both the widening and axial
velocity decay are faster than in the unforced case. The forcing also brings the changes in
the Tu profiles; the Tu level increases in all the distances and in all the transverse positions.

For illustration purposes, the velocity profiles from Figure 8a,c were transformed into
the velocity maps shown in Figure 9a. The shortening of the potential core in the forced
case is apparent, as well as the widening of the jet. The direct effect of the control SJ jet is
mainly visible in the very nearfield where it causes the increase in the velocity at the sides
of the main jet before it is fully merged. The merging is finished around x/D = 3.

Figure 9b shows the velocity maps of the jet with Re = 2163, i.e., jet from the transition
regime, unforced and forced cases. The same data processing was made for Re = 5181
(turbulent regime), and the results are shown in Figure 9c. The effect of forcing on the
velocity map (shortening of the potential core, widening of the jet) is apparent in both
Figure 9b,c; however, with increasing Reynolds number, it is less prominent than that of
the initially laminar case (Figure 9a, Re = 1851).

Following the approach of Crow and Champagne [5], the axial profiles of the velocity
fluctuations of four selected forced cases (Re = 1082, 1851, 2163, and 5181) were filtered using
Butterworth bandpass filter around the forcing frequency (St ≈ 0.3). The resultant filtered pro-
files are shown together with unfiltered profiles in Figure 10. For comparison purposes, profiles
of the corresponding unforced jets are plotted as well. The influence of the forcing frequency is
apparent mainly in the near nozzle-exit region where the large-scale eddies dominate.

In low Re jets at Re = 1082 and 1851, the dominance of the large-scale structures relating
to the forcing frequency in the near nozzle-exit region is indicated by the local maximum
around x/D = 1.7–2.5. Further downstream, both filtered and unfiltered fluctuations increase
abruptly again. The beginning of the second rise corresponds to the onset of velocity decay
at x/D = 4.4, i.e., shortly beyond the tip of the potential core (see Figure 4c). The large-scale
structures relevant to the forcing frequency fade away more downstream of x/D > 15 and
12 for Re = 1082 and 1851, respectively.

For the transitional and turbulent jets (Re = 2163 and 5181, respectively), the maximum
in the filtered profiles can be found around x/D = 3 and x/D = 2, respectively. Further
downstream, the dominance of the large eddies corresponding to the forcing frequency
weakens and the influence totally diminishes up to x/D = 10. Correspondingly to this fact,
no dominant peak was identified in the PSD distributions beyond x/D = 10 for investigated
transitional and turbulent jets.

Finally, a commensurable behavior revealing the maximum velocity fluctuations near
the nozzle exit was discussed in literature dealing with the forced jets. Similar to the
present findings, the maxima were attributed to the large-scale structures relating to the
forcing frequency, as was observed in turbulent jets, see, e.g., Crow and Champagne [5]
around x/D = 4 and Lepičovský et al. [17] around x/D = 3.

3.4. Power Spectral Density of Velocity Fluctuations

The power spectral density (PSD) distributions of velocity fluctuations were evaluated
at three locations on the axis: x/D = 0, 5, and 10, i.e., at the nozzle exit, shortly downstream
the potential core tip and in the velocity decay region, both for the unforced and forced cases.

3.4.1. Unforced Jets

In Figure 11a, PSDs of the jet with Re = 1082 are shown. The overall PSD level of the
laminar unforced jet is low when compared with transitional and turbulent cases, the PSD
distribution remains practically unchanged at all studied distances. For the unforced jet
at x/D = 10, a peak of a natural frequency of the jet column large eddy structures can be
identified at approximately 52 Hz, i.e., St = 0.3, see the arrow in Figure 11a. This value
corresponds well to the natural frequency observed by, e.g., Crow and Champagne [5].
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Figure 9. Time-mean velocity maps: (a) Re = 1082; (b) Re = 2163; (c) Re = 5181.
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Figure 10. Comparison of filtered and unfiltered profiles of the velocity fluctuations: (a) Re = 1082;
(b) Re = 1851; (c) Re = 2163; (d) Re = 5181.
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Figure 11. Power spectral density (PSD) distributions of velocity fluctuations at various x/D:
(a) Re = 1082; (b) Re = 1851; (c) Re = 2163; (d) Re = 5181.

A similar behavior can be seen for the Re = 1851 (Figure 11b). It is worth noting that
not only one singular dominant frequency is visible for this Reynolds number for the
unforced jet but the larger region at the spectrum is also increased at x/D = 10, namely,
St = 0.17–0.40; see the arrow in Figure 11b.

When the Reynolds number is increased towards the transitional regime (unforced
case), and the PSD level is increased as well; see Figure 11c for Re = 2163 and x/D = 5.
Moreover, the distribution begins to form the slope with Kolmogorov’s exponent −5/3,
which is a typical demonstration of the energy cascade of fully developed turbulent flows.
However, the development is not finished yet, as is evident from Figure 11c, because the
PSD distribution still does not obey the slope relating to the exponent −5/3. For illustration
purposes, the line relating to Kolmogorov’s exponent −5/3 is plotted in Figure 11 as well.
Note that the dominant frequency cannot be identified in Figure 11c, unlike Figure 11a,b.

The turbulent unforced jet with Re = 5181 has already fully developed a cascade of
energy transport at the distance of x/D = 5, which is indicated by the PSD distribution with
the slope relating to the exponent −5/3; see Figure 11d. Similar to the case presented in
Figure 11c, the dominant frequency cannot be identified in Figure 11d.
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3.4.2. Forced Jets

When the jet control is applied, the power spectra of all the cases undergo a change.
The most dramatic transformation can be observed in the initial laminar cases (Figure 11a,b).
For Re = 1082, the massive peaks of the forcing frequency and its harmonics dominate
the spectrum. The further the distance x is, the more peaks of harmonics are detectable.
Although the overall PSD level slowly increases, the peaks remain discrete, and they do
not merge in one high-level spectral distribution. It indicates that the jet is disturbed but
the level of the excitation is not high enough to cause the transition to turbulence up to the
present distance of x/D = 10. A slightly different situation comes about for the faster but
still laminar jet with Re = 1851 (Figure 11b). In the very exit region, a cascade of discrete
peaks of the forcing frequency, and its harmonics dominate the spectrum, which is a similar
behavior, as shown in Figure 11a. However, further downstream (x/D = 10), the overall
level of the PSD distribution increases, the discrete peaks from forcing slowly diminish,
and the spectrum begins to form the slope of the turbulent energy spectrum, indicating the
transition to turbulence.

The spectra of transitional and turbulent forced jets do not differ much from the
unforced ones (Figure 11c,d). The main difference is the presence of the discrete peaks of
the forcing frequencies and their harmonics. In the transitional case shown in Figure 11c,
the forcing causes a slight increase in the PSD level. In the turbulent case (Figure 11d), the
overall level remains practically unchanged, and the PSD distribution well obeys the slope
relating to Kolmogorov’s exponent −5/3.

4. Conclusions

Continuous jet issuing from a long straight circular pipe (pipe nozzle in short) was
actively controlled using a concentrically placed annular synthetic jet. The range of
Reynolds numbers of the main jet covers the area of laminar, transitional, and turbu-
lent jets (Re = 1082–5181). The control parameters, i.e., the Strouhal number and ratio of
the control and main jet velocities, were kept constant, at 0.5 and 0.3, respectively. Flow
velocities were measured using a hot-wire anemometer. The power spectral density (PSD)
distributions of velocity fluctuations were evaluated from the hot-wire data. The presence
of large-scale structures related to the control jet was manifested.

The possibility of the control by means of the annular synthetic jet was proven. It was
revealed that forcing increases the intermittency factor and thus accelerates the transition to
turbulence. It also leads to the reduction of the potential core of the main jet. Based on the
hot-wire data, six flow regimes of the controlled jets were identified, and their parameter
map was proposed.

Finally, the turbulence intensity decrease was obtained in the specific region called E
in the paper. The maximal effect was revealed at Re = 2555, when the turbulence intensity
of the unforced jet was 44.4% at the distance of 12 diameters of the pipe nozzle, while the
jet control decreased to the value of 19.9%, i.e., the ratio of the turbulence intensities of the
forced and unforced jets was 0.45 in this case.

The results are considered as important for jet flow research in general, with a poten-
tial for various applications, of which the actively controlled impinging jet intended for
convective heat transfer augmentation is an example.
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Nomenclature

B width of the annular slot, B = (Do − Di)/2
Di inner diameter of annular nozzle
Do outer diameter of annular nozzle
f driving frequency (Hz)
k velocity ratio, k = Umax/Um
r radial coordinate, see Figures 1 and 2
Re Reynolds number of round jet, Re = Um D/ν
ReSJ Reynolds number of control SJ, ReSJ = U0Do/ν
SJ synthetic jet
t time
T time period, T = 1/f
Tu turbulence intensity, Tu = uRMS/U
uRMS fluctuation velocity, (m/s)
u0 velocity of the SJ at the nozzle exit, x = 0
U time-mean velocity, (m/s)
U0 time-mean orifice velocity of SJ, see Equation (1)
Um mean exit velocity of the main jet, (m/s)
Umax maximum velocity in the exit profile of the main round jet, (m/s)
x axial coordinate, see Figures 1 and 2
ν kinematic viscosity of the working fluid (air)
ρ density of the working fluid (air)
γ intermittency factor
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