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Abstract: Investigations of fluidic oscillators, or sweeping jet actuators, have primarily been con-
ducted within the incompressible flow regime, which limits the accuracy of estimating fluidic
oscillator performance for compressible flows. The objective of this study was to evaluate the effects
of gas compressibility on the performance of a fluidic oscillator. A commonly used fluidic oscillator
geometry (the Bray geometry) was scaled to five different sizes, 3D printed, and tested over a range
of air flow rates. High-speed Schlieren images captured the sweeping jet exiting the fluidic oscillators,
and custom MATLAB algorithms were used to calculate the oscillation frequencies and angles. A
spectral proper orthogonal decomposition (SPOD) method was used to identify and compare the
mode structures within the flow fields. All the results were compared using dimensionless parameters
to observe performance trends. The results showed that the oscillation frequencies were directly
proportional to the flow rate, while the oscillation angles were inversely proportional to the flow
rate, regardless of scale size. The angular velocities were not proportional to the flow rate or scale
size and exhibited maxima within the evaluated ranges. For all scale sizes, the mode structures were
symmetric across the centerlines of the fluidic oscillators and extended further beyond the fluidic
oscillators at higher flow rates. These results enable the prediction of fluidic oscillator performance,
which can significantly improve the design process for an application where a fluidic oscillator may
be used, such as aerospace applications, power generation, heat exchangers, or medical devices.

Keywords: fluidic oscillator; sweeping jet actuator; flow control; turbulence; compressibility;
modal analysis

1. Introduction

Fluidic oscillators, or sweeping jet actuators, are channel geometries that convert
steady, fully developed flows from their inlets into unsteady turbulent flows at their outlets.
The outlet flow of a fluidic oscillator is typically in the form of a jet that continuously
sweeps back and forth. A fluidic oscillator has two primary internal geometries: a main
mixing chamber and a set of feedback channels, as shown in Figure 1. The unsteady flow
that is created by the fluidic oscillator is a result of the Coandă effect, which causes the
incoming fluid to adhere to one side of the mixing chamber (shown at (Φ = 0◦ and 180◦ in
Figure 1) [1]. The adhered flow eventually begins to separate from the wall of the mixing
chamber, which creates a vortex of recirculating flow in the mixing chamber. This vortex
then grows larger and eventually diverts the incoming flow towards the opposite side of the
mixing chamber (Φ = 90◦ and 270◦ in Figure 1), where it adheres to the wall and starts the
vortex-generation cycle again. The oscillating flow within the main chamber is amplified
by the feedback channels, which assist in diverting the incoming flow to alternating sides

Fluids 2022, 7, 251. https://doi.org/10.3390/fluids7070251 https://www.mdpi.com/journal/fluids

https://doi.org/10.3390/fluids7070251
https://doi.org/10.3390/fluids7070251
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/fluids
https://www.mdpi.com
https://orcid.org/0000-0001-5208-7898
https://orcid.org/0000-0002-3965-7865
https://orcid.org/0000-0003-0478-2065
https://doi.org/10.3390/fluids7070251
https://www.mdpi.com/journal/fluids
https://www.mdpi.com/article/10.3390/fluids7070251?type=check_update&version=1


Fluids 2022, 7, 251 2 of 21

of the mixing chamber. The internally diverted flow then exits through the nozzle at a
range of angles corresponding to the available flow path.
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Figure 1. A fluidic oscillator at various phase angles (Φ); dominant flow direction is left to right.

Owing to their ability to produce flow with high turbulent kinetic energy, fluidic
oscillators have been used in a variety of applications such as shower heads, convective
heat transfer equipment, aircraft wings, and turbine blades [2–5]. Recent fluidic oscillator
research has been primarily focused on using the sweeping jet as a means of flow control,
where the oscillator is positioned in a manner that disrupts the boundary layer of a fluid
moving over a surface [3,6,7]. Koklu demonstrated a significant delay in boundary layer
separation over the NASA hump model after the implementation of an array of fluidic
oscillators [8]. Multiple groups have also demonstrated that placing fluidic oscillators near
the leading edge of an airfoil has the potential to delay boundary layer separation, which
can ultimately increase lift and decrease drag on the airfoil [4,7,9–11]. With regards to the
airfoil-shaped blades in turbines, Hossain et al. demonstrated that using sweeping jets for
film cooling improved the overall cooling performance of a transonic turbine cascade [5].

Despite the increased use of fluidic oscillators in applications within transonic (or
even supersonic) flow regimes, there exist limited data related to the effects that fluid
compressibility has on a fluidic oscillator’s performance. Additionally, there is limited
research on those effects across different scales of the same fluidic oscillator design. Existing
research on this topic includes work from Portillo et al., who observed an increase in the
oscillation frequency, and a decrease in the oscillation angle, as the flow rate through the
oscillator increased and the scale of the fluidic oscillator decreased; however, that research
did not compare these results non-dimensionally across scales [12]. Other research on
this topic includes work from both von Gosen et al. (experimental) and Oz and Kara
(computational), who observed similar results for a single fluidic oscillator—specifically,
a plateau in the oscillation frequency as the flow approached choked conditions [13,14].
While Park et al. characterized a fluidic oscillator that produced supersonic flow at its
outlet, that work only demonstrated results that were correlated to dimensions of single
geometric features within a fluidic oscillator [15].

Given this gap in the current literature, the objective of this study was to evaluate
the effects of compressibility on the performance of a sweeping jet produced by a fluidic
oscillator across various flow rates and scales. The performance of the sweeping jet was
characterized by the oscillation frequency, oscillation angle, angular velocity, and modal
structures. Those performance metrics were evaluated using high-speed Schlieren images
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and pressure probes, which provided information about the sweeping jet’s position over
time. It was observed that the oscillation frequency, oscillation angle, and angular velocity
of the sweeping jet were correlated to the Mach number at the exit throat, regardless of the
fluidic oscillator size. It was also observed that the mode structures at harmonic frequencies
of the oscillation frequencies were similar across flow rates and fluidic oscillator sizes.

2. Materials and Methods
2.1. Fluidic Oscillators and Flow Parameters

The fluidic oscillators that were used in this study were based on the baseline fluidic
oscillator geometry that was specified by Portillo et al., which was derived from Bray [12,16].
That geometry, detailed in Figure 2, was scaled to five different size ratios and additively
manufactured using a stereolithography method (Clear Resin, Form 2, Formlabs, Somerville,
MA, USA). The scale models were reduced in size by ratios of 1:2, 1:4, 1:6, 1:8, and 1:10, which
resulted in exit throat widths of 12.5, 6.25, 4.15, 3.13, and 2.5 mm, respectively.
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Figure 2. Dimensioned (mm) fluidic oscillator baseline geometry, which was raised to a height of the
exit throat diameter (25 mm); also depicts the location of the pitot static probe.

Each of these fluidic oscillator geometries had a thickness that was equal to the width
of their exit throat (wt), which resulted in exit throats that had square cross-sectional areas.
The hydraulic diameters (Dh) of the exit throats were calculated using

Dh =
4Ac

Perim
=

4(wt ∗ wt)

wt + wt + wt + wt
=

4wt
2

4wt
= wt, (1)

which depended on the relationship between the cross-sectional area (Ac) and perimeter
(Perim) of the exit throat. Since the exit throats had square cross-sectional areas, the
derivation shown in Equation (1) shows the equivalence of Dh to wt. To simplify the
connection of tubing for gas delivery, each fluidic oscillator was fabricated with barbed
fittings that had an inner cross-sectional area that was equal to the size of the beginning of
the entrance nozzle.

All the scales of the fluidic oscillators were exposed to a range of air flow rates,
which were supplied by a compressed air source and controlled by a pressure regulator
(1042-Z21957, Fairchild). Table 1 illustrates the test matrix for different combinations of
fluidic oscillator scales and air inlet pressures, which ranged from 115 to 308 kPa (2–30 psig).
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The highest air pressures that were achieved for the 1:2 and 1:4 scales were 184 and 225 kPa
(12 and 18 psig), respectively; the compressed air source did not supply the flow rates
that were needed to attain higher inlet pressures at those scales. The flow velocity exiting
the fluidic oscillator was measured at the exit of the fluidic oscillator (in the center of the
diverging nozzle) with a pitot static probe; the location of that probe can be seen in Figure 2.
The pitot static probe was fabricated out of two hypodermic needles, a method that had
previously been used by Melton et al. [4]. The hypodermic needle that was responsible for
measuring the stagnation, or total, pressure was modified to feature a blunt tip (instead of
a bevel), and the shaft was positioned parallel to the centerline of the fluidic oscillator. The
hypodermic needle that was responsible for measuring the static pressure was parallelly
fastened to the first needle, its lumen was crimped shut, and a hole was machined through
the side of the shaft (perpendicular to the centerline of the fluidic oscillator).

Table 1. Test matrix showing air inlet pressure ranges for fluidic oscillators.

Scale Air Inlet Pressure Range

1:2 115–184 kPa
1:4 115–225 kPa
1:6 115–308 kPa
1:8 115–308 kPa

1:10 115–308 kPa

A custom virtual instrument (VI) was created in LabVIEW (LabVIEW 2019, Na-
tional Instruments, Austin, TX, USA) to read and log data from two pressure transducers
(PX309-030G5V, Omega Engineering, Inc., Norwalk, CT, USA), which measured the abso-
lute static and stagnation pressure from the hypodermic needle probes at a sampling rate
of 10 kHz. The Mach number (M) was calculated with

M =

√√√√√ 2
γ− 1

(Po

P

) γ−1
γ

− 1

, (2)

and depended on the static pressure (P), stagnation pressure (Po), and ratio of specific heats
for air (γ, 1.4). The air was assumed to be an ideal gas and the static density of the air (ρ)
was calculated using

ρ =
PMw

RT
, (3)

which took into account P, the molecular weight of air (Mw, 0.029 kg·mol−1); the universal
gas constant (R, 8.314 J·mol−1·K−1); and the ambient temperature of the air (T, 294 K). The
temperature of the air was measured with a thermal camera (TG130, Teledyne FLIR LLC,
Wilsonville, OR, USA), which had an accuracy of ±4 K. The velocity of the air (v) was
calculated with

v = M

√
γRT
Mw

, (4)

since M, γ, R, T, and Mw were known or had been calculated. The relationship that was
used to calculate the Reynolds number (Re),

Re =
ρvDh

µ
, (5)

depended on ρ, v, Dh, and the dynamic viscosity of the air (µ, 1.846 × 10−5 N·s·m−2). A
custom MATLAB (MATLAB R2020a, The MathWorks, Inc., Natick, MA, USA) script was
written to process the data that were recorded with the pitot static probe. The propagation
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of uncertainty from the pressure transducers was calculated for M, ρ, v, and Re using the
following equations:

δM =

√(
∂M
∂Po

δPo

)2
+

(
∂M
∂P

δP
)2

(6)

δρ =

√(
∂ρ

∂P
δP
)2

+

(
∂ρ

∂T
δT
)2

(7)

δv =

√(
∂v
∂M

δM
)2

+

(
∂v
∂T

δT
)2

(8)

δRe =

√(
∂Re
∂ρ

δρ

)2
+

(
∂Re
∂v

δv
)2

(9)

The uncertainty of M (δM) depended on the uncertainty of P and Po (δP and δPo,
respectively), which were represented by the standard deviation of the collected data. The
uncertainty of ρ (δρ) only depended on δP and the uncertainty of v (δv) depended only on
δM, which was determined using Equation (6). Both δρ and δv were then used to calculate
the uncertainty of Re (δRe).

2.2. Schlieren Imaging Setup

Schlieren images take advantage of the refraction of collimated light that is caused
by density gradients in the flow field, which provides the ability to visualize flow struc-
tures that are normally invisible to the naked eye [17]. As demonstrated by previous
groups, Schlieren images provide a method for evaluating the performance of fluidic
oscillators [12,13,18,19]. The Schlieren imaging setup in this study used a 1 mm diame-
ter iris to focus a 2.7 W light source (CBT-140-W, Luminus, Sunnyvale, CA, USA) onto
a 152.4 mm parabolic mirror (focal length of 1.524 m). A rendering of the experimental
setup is shown in Figure 3, which also depicts the reflection of the light from the parabolic
mirror onto a high-speed camera (Photron FASTCAM SA-Z, Photron, Tokyo, Japan). A
knife edge was placed at the focal point of the light before it reached the camera, which
spatially filtered the image being captured and created localized bright and dark regions
that represented changes in the first derivative of the index of refraction (and thus changes
in local density gradient). The images were recorded with the Photron FASTCAM Viewer
Software (Version 4.0, Photron) and processed using custom MATLAB scripts to calcu-
late the sweeping jet oscillation frequencies, oscillation angles, and mode structures. The
MATLAB scripts are explained in more detail in the following sections.
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2.3. Oscillation Frequency, Oscillation Angle, and Jet Velocity Analysis

A total of 10,000 Schlieren images (512 × 1024 pixels) were recorded at 40 kHz for
each of the five trials at each combination of flow rate and fluidic oscillator scale. Custom
MATLAB scripts were developed to determine the oscillation frequency and oscillation
angles of the fluidic oscillators from the Schlieren images. To calculate the oscillation
frequency (fosc), the average pixel intensity within a small window (located beside the
center axis of the fluidic oscillator) of each image was recorded and plotted versus time.
Then, a Fast Fourier Transform (FFT) was conducted using that data to determine the
frequency at which the jet swept in and out of the evaluation window.

To calculate the oscillation angle (θ), the minimum and maximum pixel intensity for
each pixel over the entire image set was recorded, and the difference between those two
images produced a profile of where the flow had been during the trial. Figure 4 illustrates
an example of the maximum and minimum pixel intensities across an image set, as well
as the absolute difference between those images. The angle of that profile was measured
using the angle tool in ImageJ (National Institutes of Health, Bethesda, MD, USA) and the
standard deviation of the measured angle was calculated across the five image sets that
were recorded at each fluidic oscillator scale and flow rate.
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image set; depicts data from the 1:8 scale at an inlet pressure of 198 kPa (14 psig).

The oscillation frequency was represented with the dimensionless Strouhal number
(St), which was calculated using

St =
foscDh

v
. (10)

The uncertainty of St (δSt) was calculated using

δSt =

√(
∂St

∂ fosc
δ fosc

)2
+

(
∂St
∂v

δv
)2

, (11)

where the uncertainty of the oscillation frequency (δfosc) represented the standard deviation of
the data that were collected (n = 5), and δv was determined using Equation (8). The angular
velocity (ω) of the jet and the uncertainty of the angular velocity (δω) were calculated using

ω =
foscθπ

90
and (12)

δω =

√(
∂ω

∂ fosc
δ fosc

)2
+

(
∂ω

∂θ
δθ

)2
, (13)

where δfosc and the uncertainty of the oscillation angle (δθ) represented the standard
deviation of the data that were collected (n = 5 for both). Equation (12) was derived from
calculating the time it took for the jet to travel from the centerline of the fluidic oscillator
to its maximum sweep position. The temporal association of the jet’s maximum sweep
position was 1/4th of the time that it took for the jet to complete a full sweep, which
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translated to multiplying the oscillation frequency by a factor of 4. The unit conversion
from degrees per second to radians per second is also included in Equation (12).

To determine the influence of angular velocity on the sweeping motion of the jet, the
ratio (β, percentage) of the angular velocity to the total velocity was calculated with

β =
ωDh√

(ωDh)
2 + v2

× 100. (14)

The angular velocities were multiplied by their respective Dh to maintain consistent
units and provide dimensionless results across fluidic oscillator scales. The uncertainty of
β (δβ) was calculated using

δβ =

√(
∂β

∂ω
δω

)2
+

(
∂β

∂v
δv
)2

, (15)

where the δω and δv were calculated from Equations (13) and (8), respectively. The oscilla-
tion frequency, oscillation angle, angular velocity, and velocity ratios were all compared to
the Reynolds number and Mach number that were calculated for each respective trial.

2.4. Modal Analysis

The Schlieren images were also analyzed with a spectral proper orthogonal decom-
position method (for brevity and consistency with the existing literature, referred to here
as SPOD), which identified modal structures within the outlet flow [20,21]. The modal
structures that were identified via SPOD analysis were spatially and temporally orthogo-
nal, which provided information such as the relative amount of energy content within a
structure and the frequency of a structure’s occurrence [20,22]. SPOD was chosen as the
modal decomposition technique of choice, as opposed to spatial POD that was proposed
by Lumley [23], or dynamic mode decomposition (DMD), as discussed by Schmid [24].
This is due to its ability to capture and rank spatial modal structures by energy content
(similarly to POD) and identify the frequency that is associated with such dynamic modes
(as provided by DMD). SPOD methods that are similar to the one used in this study have
been used to study turbulent jets and shockwave/boundary layer interactions [25–29].
Using the code that was developed by Towne et al. as a basis, a custom MATLAB code was
created for the SPOD analysis in this study [21]. The mathematical process and principles
that are deployed in that code are explained throughout the remainder of this section.

The first step in the SPOD analysis,

X =
[
x1, x2, . . . , xNim

]
∈ RNpx×Nim , (16)

arranged the pixel values (16-bit grayscale) from all images into a single matrix (X). That
matrix had a shape of Npx (total number of pixels in each image) by Nim (total number
of images being evaluated). Then, the fluctuating properties of the data were obtained
by determining the difference between each image and the mean image (X), which was
calculated by determining the mean of X across its second dimension. This process resulted
in a matrix (Q), comprised of images showing only pixel fluctuations (q), and is shown by

Q = X− X =
[
q1, q2, . . . , qNim

]
∈ RNpx×Nim . (17)

Blocks of the fluctuation images (number of blocks = Nb) that contained a user-specified
number of fluctuation images (α) were then created. It should be noted that the number of
blocks is equal to the number of modes, and that blocks can be set to overlap each other,



Fluids 2022, 7, 251 8 of 21

where some fluctuation images appear in two adjacent blocks. The block separation process
can be represented by

Q(n) =
[
q(n)1 , q(n)2 , . . . , q(n)α

]
∈ RNpx×α, (18)

which created multiple Q matrices, Q(n) (where n = 1, 2, . . . , Nb). The fourth step trans-

formed the fluctuation image data from the time domain into the frequency domain (Q̂(n)
).

This was accomplished using

FFT
(

Q(n)
)
=
[
q̂(n)1 , q̂(n)2 , . . . , q̂(n)α

]
∈ RNpx×α, (19)

which calculated an FFT across the second dimension of each Q(n) matrix. However, that
process also produced results that corresponded to negative frequency values. Thus,

Q̂(n)
=
[
q̂(n)1 , 2

[
q̂(n)2 , q̂(n)3 , . . . , q̂(n)N f−1

]
, q̂(n)N f

]
∈ RNpx×N f where N f =

α

2
+ 1 (20)

was used to remove the data that were related to the negative frequency values and correct
the remaining data for the one-sided FFT spectrum (which had Nf frequencies). The
Fourier components were reorganized into matrices (Q̂ fk

) that were comprised of the pixel
fluctuation data associated to the same frequency (fk) across all blocks using

Q̂ fk
=

√√√√ ∆t

Nb

(
∑α

j=1 wj
2
)[q̂(1)k , q̂(2)k , . . . , q̂(Nb)

k

]
∈ RNpx×Nb . (21)

That step also corrected the data based on the timestep between images (∆t), the
number of blocks (Nb), and the scalar weights (wj), which were nodal values of a window
function that mitigated complications that were caused by the non-periodicity of each
block’s data. It should be noted that all scalar weights were set to 1, which was shown to
be effective by Towne et al. [21].

Lastly, the cross-spectral density tensor (S fk
) for each of the frequency matrices was

calculated using
S fk

= Q̂ fk
Q̂H

fk
. (22)

Those results were then spectrally decomposed by determining the eigenvalues (Λ fk
)

and their respective eigenvectors (Θ fk
) using[

Θ fk
, Λ fk

]
= eig

(
S fk

)
. (23)

After the eigenvalues (and their respective eigenvectors) were sorted in descending
order, the SPOD mode structures (Y fk

) and the modal energy (E fk
) were determined using

Y fk
= Q̂ fk

Θ fk

(
1√

Λ fk

√
Nb

)
and (24)

E fk
=
∣∣∣Λ fk

∣∣∣. (25)

3. Results

The uncertainties for all variables can be seen in Table 2, which displays the average
(across all trials) uncertainties and contributions to the measured values. The error bars
that were correlated to the uncertainties of St, Re, and M were omitted from the results
presented in this work because they did not extend past the data markers.
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Table 2. Uncertainty of variables.

Variable Average Uncertainty Average Contribution to Measured Variable

fosc 2.4 Hz 0.5%
M 0.003 0.4%
P 42 Pa 0.1%
Po 246 Pa 0.2%
Re 1049 1.8%
St 0.0002 2.0%
v 2.1 m·s−1 0.8%
β 0.1% 4.1%
θ 2.4 deg 3.9%
ρ 0.016 kg·m−3 1.4%
ω 41.7 rad·s−1 3.9%

3.1. Oscillation Frequencies

A non-dimensional comparison between the oscillation frequencies and flow rates
for all fluidic oscillator scales can be seen in Figure 5, which also includes results from
previous research [18,30–33]. While the Strouhal numbers that were calculated in this study
were lower than the previously reported data, they were on the same order of magnitude
and followed the same trend relative to the Reynolds number [30]. The slight disparity
(∆St < 0.01) between prior data and the data in this study could stem from the fact that
all previously reported work calculated the bulk velocity of the sweeping jet based on a
known inlet mass flow rate and the assumption of incompressible flow.
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Another non-dimensional comparison between oscillation frequencies and flow rates
can be seen in Figure 6, where the Strouhal numbers were compared to the Mach numbers of
each trial. The linear fit (R2 = 0.93) in Figure 6 shows that the Strouhal numbers were directly
correlated to the Mach number, regardless of the scale of the fluidic oscillator. This linear
fit also closely matched the fit that was proposed by Oz and Kara, whose computational
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results in the compressible flow regime showed that St ≈ 0.013 when M < 1 [14]. The linear
relationship between the Strouhal number and Mach number that is observed in this study
demonstrates that the oscillating behavior depends primarily on the mass flow rate of the air.
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3.2. Oscillation Angles

A comparison between the oscillation angles and Reynolds numbers for each fluidic
oscillator scale can be seen in Figure 7, where the error bars for the oscillation angle values
represent two standard deviations from the mean of the trial’s data (n = 5). It should
be noted that the low contrast within the Schlieren images that were captured for the
1:2 scale fluidic oscillator led to unreliable measurements of the oscillation angles, so any
data depending on the 1:2 scale oscillation angles were excluded. Figure 7 shows that
the oscillation angle had an inverse correlation to the Reynolds number for all the fluidic
oscillator scales. The same inverse correlation was observed when the oscillation angles
were compared to the Mach numbers, as shown in Figure 8. However, the results in Figure 8
also show that the scale of a fluidic oscillator had little influence on the oscillation angle’s
relationship to the Mach number. The disparity between the results from the 1:10 scale
and the other scales supports the findings from Koklu, which showed a decrease in the
fluidic oscillator performance at that scale [34]. This disparity, which has been explained by
Melton et al., is caused by the jet not attaching to the walls of the mixing chamber [4]. It
should also be noted that Bobusch et al. reported that the diverging nozzle (after the exit
throat) did not affect the oscillation frequency or angle [35].

The inverse relationship between the oscillation angle and flow rate that is observed
in this study does not support the findings of Bohan et al., which reported an increase in
oscillation angle as the flow rate increased [18]. The fluidic oscillator scales that had the
closest exit throat diameters to the fluidic oscillators used by Bohan et al. are compared
in Figure 9. It should be noted that the Bohan et al. data presented in that figure utilized
carbon dioxide as the working fluid [18]. The apparent increase, and subsequent decrease,
in oscillation angles as the flow rate increases is further discussed in the following sections.
However, this finding ultimately demonstrates the possibility of a fluidic oscillator having
a maximum sweep angle.
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3.3. Angular Velocities

The angular velocities of the sweeping jets from the various fluidic oscillator scales
are shown in Figures 10 and 11, where they are compared to the Reynolds and Mach
numbers, respectively. The error bars in these figures stem from the uncertainties in
the oscillation frequencies and oscillation angles. Figures 10 and 11 show that there is a
nonlinear relationship between the angular velocity and the flow rate, and what appears to
be a relative maximum angular velocity. However, similar to previous results, there was
some disparity in the trends that were observed with the 1:10 scale. Moreover, while the
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maximum angular velocity for each scale occurred at different Reynolds numbers, they
appeared to occur around the same Mach number, 0.6.
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Fluids 2022, 7, x FOR PEER REVIEW 12 of 22 
 

sections. However, this finding ultimately demonstrates the possibility of a fluidic oscil-

lator having a maximum sweep angle. 

 

Figure 9. Oscillation angle versus Reynolds number compared to equivalently sized fluidic oscilla-

tors in prior publication by Bohan et al. [18]. 

3.3. Angular Velocities 

The angular velocities of the sweeping jets from the various fluidic oscillator scales 

are shown in Figures 10 and 11, where they are compared to the Reynolds and Mach num-

bers, respectively. The error bars in these figures stem from the uncertainties in the oscil-

lation frequencies and oscillation angles. Figures 10 and 11 show that there is a nonlinear 

relationship between the angular velocity and the flow rate, and what appears to be a 

relative maximum angular velocity. However, similar to previous results, there was some 

disparity in the trends that were observed with the 1:10 scale. Moreover, while the maxi-

mum angular velocity for each scale occurred at different Reynolds numbers, they ap-

peared to occur around the same Mach number, 0.6. 

 

Figure 10. Angular velocity versus Reynolds number across fluidic oscillator scales. Figure 10. Angular velocity versus Reynolds number across fluidic oscillator scales.

3.4. Velocity Ratios

The conceptual model that is described in this section was developed to explain the
observed increase, then decrease, of oscillation angles and angular velocities with respect
to increasing flow rates. At an extremely low Reynolds number, the laminar flow moving
through the fluidic oscillator would produce a small, if not negligible, sweeping pattern.
Then, if the flow rate progressively increased, the momentum of the jet (perpendicular to
the inlet flow) would also increase and sweep further from side to side. However, at even
higher flow rates, the momentum of the jet (in the direction parallel to the inlet flow) would
begin to dominate the oscillatory motion, thus preventing the jet from sweeping as widely.
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To validate this conceptual model, the ratio of the angular velocity to the total ve-
locity of the jet was evaluated for increasing flow rates. These results can be seen in
Figures 12 and 13, which demonstrate that the angular velocity becomes less influential to-
wards the jet’s sweeping motion. The error bars in these figures stem from the uncertainties
in the oscillation frequencies, oscillation angles, and air velocities. The data in Figure 13
also support the decrease in performance at the 1:10 scale that is observed in Figure 8 and
by Koklu [34].

Fluids 2022, 7, x FOR PEER REVIEW 14 of 22 
 

 

Figure 12. Ratio between angular velocity and total velocity (β) versus Reynolds number across flu-

idic oscillator scales. 

 

Figure 13. Ratio between angular velocity and total velocity (β) versus Mach number across fluidic 

oscillator scales. 

3.5. Modal Analysis 

For the modal analysis, five inlet pressures were supplied to the 1:6, 1:8, and 1:10 

scale fluidic oscillators: 143, 184, 225, 267, and 308 kPa (6, 12, 18, 24, and 30 psig). The 

Schlieren image sets for each trial consisted of 50,000 images (320 × 200 pixels) that were 

recorded at 100 kHz. To ensure the validity of the SPOD results, a sensitivity analysis was 

conducted to determine the appropriate number of images per image block (α). Three 

Figure 12. Ratio between angular velocity and total velocity (β) versus Reynolds number across
fluidic oscillator scales.



Fluids 2022, 7, 251 14 of 21

Fluids 2022, 7, x FOR PEER REVIEW 14 of 22 
 

 

Figure 12. Ratio between angular velocity and total velocity (β) versus Reynolds number across flu-

idic oscillator scales. 

 

Figure 13. Ratio between angular velocity and total velocity (β) versus Mach number across fluidic 

oscillator scales. 

3.5. Modal Analysis 

For the modal analysis, five inlet pressures were supplied to the 1:6, 1:8, and 1:10 

scale fluidic oscillators: 143, 184, 225, 267, and 308 kPa (6, 12, 18, 24, and 30 psig). The 

Schlieren image sets for each trial consisted of 50,000 images (320 × 200 pixels) that were 

recorded at 100 kHz. To ensure the validity of the SPOD results, a sensitivity analysis was 

conducted to determine the appropriate number of images per image block (α). Three 

Figure 13. Ratio between angular velocity and total velocity (β) versus Mach number across fluidic
oscillator scales.

3.5. Modal Analysis

For the modal analysis, five inlet pressures were supplied to the 1:6, 1:8, and 1:10 scale
fluidic oscillators: 143, 184, 225, 267, and 308 kPa (6, 12, 18, 24, and 30 psig). The Schlieren
image sets for each trial consisted of 50,000 images (320 × 200 pixels) that were recorded at
100 kHz. To ensure the validity of the SPOD results, a sensitivity analysis was conducted to
determine the appropriate number of images per image block (α). Three image block sizes
(2500, 5000, and 10,000) with an overlap of 50% were evaluated. The power spectral density
(PSD) of Mode 1 for each of the image block sizes can be seen in Figure 14; these results
were attained using images from the 1:6 scale at an inlet pressure of 184 kPa (12 psig).

Figure 14 shows that the SPOD results were not significantly influenced by the image
block sizes. However, since smaller image blocks result in lower frequency resolution and
larger image blocks result in lower quantities of modes, the 5000-image block size was used
for all SPOD analyses. These block sizes provided a frequency resolution of 20 Hz across
19 modes.

All the mode structures that were analyzed in this study were selected based on
the PSD data that were calculated for each trial. An example of PSD data can be seen
in Figures 15 and 16, which show the PSD of the 1:6 scale at an inlet pressure of 184 kPa.
Figure 15 compares the modal energy, as a percentage of the total energy, to the dimension-
less frequency for different modes. A similar PSD comparison can be seen in Figure 16,
where the modal energy was normalized with the Strouhal numbers and standard deviation
of the energy in each mode (σE). The Mode 1 data in Figures 14–16 show peaks at specific
frequencies, and after further analysis, it was observed that those peaks correspond to
harmonics of the oscillation frequency.
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Figure 16. Normalized modal energy versus Strouhal numbers; showing data from the 1:6 scale at an
inlet pressure of 184 kPa (12 psig).

Once the harmonic frequencies had been identified, the structures at those frequencies
for different modes were evaluated. An example of mode structures at the same harmonic
frequencies can be seen in Figure 17, which depicts the 1:6 scale operating with an inlet
pressure of 267 kPa (24 psig). Since the modal energy decreases as the mode number
increases, the mode structures become less defined, because they represent flow structures
with a lower energy content. It should be noted that all the mode structures that are shown
in this work depict the real values of the complex results and are spatially normalized to
the exit throat diameter of the respective fluidic oscillator scale. The magnitudes of all the
mode structures are also scaled between −1 and 1 to improve visual comparisons.

Different harmonic frequencies within the same mode were also evaluated, and an
example from Mode 1 of the 1:6 scale operating with an inlet pressure of 267 kPa (24 psig)
can be seen in Figure 18. While the mode structures at lower frequencies depict the
sweeping motion of the jet, the mode structures at higher frequencies depict smaller-scale
turbulence structures, which is to be expected, as the energy content of those modes is
lower. However, it should be noted that the structures occurring at the harmonic frequencies
have a larger scale than those occurring at neighboring frequencies. The trends that were
observed across modes and harmonic frequencies were observed for all fluidic oscillator
scales and flow rates.

The harmonic mode structures of each fluidic oscillator scale were then compared
across flow rates. Figure 19 shows structures from the first two harmonics (of Mode 1)
of the 1:6 scale at the five flow rates. The first harmonic mode structures show the jet at
its maximum sweep positions and show opposing and symmetric correlations on either
side of the centerline of the fluidic oscillator. While the second harmonic mode structures
also showed physical symmetry across the same axis, they had symmetric correlations as
well. Both sets of mode structures showed that the jet’s oscillation angle decreased and its
distance from the fluidic oscillator increased as the flow rate increased.
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1:6 scale operating with an inlet pressure of 267 kPa (24 psig).

The first harmonic mode structures (of Mode 1) were then compared across fluidic
oscillator scales and flow rates, as shown in Figure 20. The same symmetric and inversely
correlated structures that are observed in Figure 19 can be seen across the fluidic oscillator
scales and flow rates. The mode structures in Figure 20 extend less than 10 exit diameters
from the fluidic oscillator at the lowest flow rates and reach almost 20 exit diameters at the
highest flow rates. The spatial growth of the mode structures in the x-direction is caused
by an increase in the mass and velocity or momentum of the jet at the higher flow rates.
Moreover, as noted by the Reynolds numbers, the mode structures appear to have less
turbulence as the scale decreases.
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4. Discussion

The objective of this study was to evaluate the performance of a single fluidic oscillator
design across different scale sizes and air flow rates that were in the compressible flow
regime. While previous groups, which assumed incompressible flow, reported oscillation
frequencies that produced Strouhal numbers between 0.010–0.020, this study showed
that the Strouhal number decreased from approximately 0.013 to 0.005 as the flow rates
approached supersonic flow. The Strouhal number was directly correlated to the Mach
number (St = 0.0113–0.005M) and did not depend on the scale size of the fluidic oscillator.

Contrary to the findings of Bohan et al., which reported an increase in oscillation
angles with respect to increasing flow rates, the results of this study showed that the
oscillation angle decreased as the flow rate increased [18]. The oscillation angles, regardless
of scale, were directly correlated to the Mach number, and displayed a decrease and plateau
as they approached and entered the supersonic flow regime. However, the 1:10 scale fluidic
oscillator exhibited smaller sweep angles (relative to the other scales), which supports the
performance reduction that was reported by Koklu at that scale [34]. In this study, the
decrease in oscillation angles at higher flow rates was attributed to a decrease in the jet’s
angular momentum, relative to its linear momentum, as it exited the fluidic oscillator. The
ratio of the angular velocity of the jet to the total velocity of the jet was directly correlated
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to the Mach number, regardless of the scale (also with the exception of the 1:10 scale). The
angular velocities of the 1:4, 1:6, and 1:8 scales all exhibited maximums at approximately
M = 0.6.

While the SPOD results further validated the oscillation frequencies and oscillation
angles, they also identified the mode structures (and their energy content) that occurred at
the harmonics of the oscillation frequencies. The mode structures were evaluated at identi-
cal frequencies, and as the mode number increased, the resolution of the mode structures
decreased. When mode structures were evaluated for different harmonic frequencies with
the same mode number, the mode structures depicted smaller-scale turbulence within the
flow field. The mode structures with the highest energy content from the 1:6, 1:8, and 1:10
fluidic oscillator scales were compared to each other, and displayed similar mode structures
resembling the jet at its fullest sweep position. As the flow rate increased for each scale, the
mode structures extended further beyond the fluidic oscillator.

The findings in this study demonstrate that the oscillation frequency, oscillation angle,
angular velocity of the jet, and high-energy mode structures that are produced by a fluidic
oscillator can be accurately predicted if the fluidic oscillator scale and gas flow rate are
known. The ability to predict fluidic oscillator performance can significantly improve the
design process for an application where a fluidic oscillator may be used.
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