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Abstract

This work characterizes the various length fluidic oscillators with constant depth and having the same main geometric
dimensions. A change in fluidic oscillator's length affects the frequency and sweeping characteristics of the fluidic oscillators.
These characteristics were extracted by means of constant temperature anemometry hot-wire measurements and water flow
visualizations. A total number of ten fluidic oscillators were compared to the baseline fluidic oscillator design. It was observed
that shortening the fluidic oscillator ceases the oscillations after a threshold oscillator length whereas elongating the fluidic
oscillator decreases the frequency and sweep angle gradually. Furthermore, the frequency maps obtained from hot-wire
measurements for each considered fluidic oscillator design provided overall detail about the frequency of the oscillations for a
wide range of flow rate. For a constant supply flow rate where the frequency and the sweep angle of an oscillator is constant,
changing the length of a fluidic oscillator will allow varying these characteristics of the oscillator. Thus the oscillator can be

tailored for a specific need of an application.
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1. INTRODUCTION

Fluidic oscillators are useful devices that are capable of
generating an oscillating jet by solely employing the fluid
dynamics principles without any moving parts. They are the
one of the main outcomes of the field of fluidic logic of
1960s and a fluidic oscillator was first designed by Warren
[1]. Since then the fluidic oscillators have been used in
various applications. The most known application for the
fluidic oscillators is their role as automobile windshield
washer nozzles [2]. The spreading of the oscillating jet
created by these devices are useful to spray windshield
washer fluid to a larger area with minimal amount of fluid.
Another main application for fluidic oscillators is the flow
rate metering [3, 4] since the oscillation frequency of a
fluidic oscillator is strictly dictated by the supply flow rate.
However, recently fluidic oscillators have started attracting
more attention to be used in various aerospace applications
in order to obtain aerodynamic, aeroacoustics or aerothermal
improvements. Fluidic oscillators have been used for noise
reduction [5], combustion control [6], and separation control
[7, 8] as the detailed reviews can be found in the literature
[9, 10]. A recent flight test completed by Boeing [11] has
shown that an array of fluid oscillators can delay the flow
separation on an aircraft's tail, which would allow design of
smaller tails thus results in reduced drag and improved

overall fuel economy. Although aerodynamic improvements
have vital importance for air vehicles, it has also become
very important for ground vehicles such as automobiles,
trucks, and trains due to the strict regulations and
competition. The automobiles move through air and face a
force opposing their motion. This force is known as drag and
it can be accounted for more than 60% of the power
consumed by the vehicle especially at higher speeds at
highway travel. Therefore, more studies are focusing on
increasing aerodynamic efficiency of automobiles in order to
decrease the fuel consumption of these vehicles. The
traditional models that are studied for this purpose are known
as Ahmed Body model [12] and Generic European Transport
System (GETS) model [13]. Various passive and active flow
control actuators were used on these models such as an array
of small cylinders as vortex generators [14], pulsed jets [15],
and fluidic oscillators [17, 18]. The drag reductions reported
in these works were as high as 16%. For instance, Woszidlo
et al. [17] used fluidic oscillators to control the separation
behind a GETS model and reported drag reductions up to
16%. In another study, Metka and Gregory [18] used fluidic
oscillators to control the separation behind an Ahmed Body
model and reported drag reductions up to 7%. As these
results indicate fluidic oscillators are promising flow control
actuators for various aerodynamic applications including
automobile aerodynamics. Therefore, characterization of the
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fluidic oscillators is important subject since various scale
oscillators with various characteristics are needed for
different applications.

The internal flow field of a fluidic oscillator has a key role in
defining the characteristics of the device. Various studies
discuss the internal flow fields of different type oscillators
[19-24] and recent studies present new approaches to
manipulate the internal and external flow fields of the
oscillators [25,26] that can dynamically change the
characteristics of the oscillators. The fluidic oscillator design
used in this work is a feedback type fluidic oscillator and was
based on a design by Bray [27] as the geometry of this design
is given in Figure 1. As seen in the schematic, pressurized
fluid feeds the main jet which is issued into an interaction
chamber surrounded by two feedback channels. The main jet
attaches to one of the nearby walls due to the Coanda effect.
In the vicinity of the throat of the oscillator, the main jet
bifurcates into two branches. The first branch leaves the
oscillator and constitutes the exiting jet whereas the second
branch generates a feedback flow in the feedback channel.
This feedback flow enlarges a separation bubble and urges
the main jet to attach to the other nearby wall. This process
repeats itself as long as the oscillator is fed and continuously
changes the flow direction of the exiting jet thus creating

oscillating behavior.
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Figure 1. The outline of the fluidic oscillator geometry and
the schematic of the internal flow field [27].

Various fluidic oscillator applications require various scale
oscillator with different characteristics. In this work, effect
of fluidic oscillator length on the frequency and sweep angle
characteristics was investigated by means of hot-wire
measurements and flow visualizations. The performance of
the shortened or elongated designs was compared to a
baseline design.

2. EXPERIMENTAL SETUPS
2.1. Design of the Fluidic Oscillators

Total of 11 fluidic oscillator designs were built by laser
cutting out of acrylic material as one of the actual model is
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presented in Figure 2a. Each experimental model was
consisted of four pieces glued together with acrylic glue. The
depth of the oscillators was fixed at 1.5 mm and the throat
exit width was 3.5 mm resulting 2.1 mm of hydraulic
diameter. Figure 2a and 2b show three of these 11 models
built. DO is the baseline design whereas -D4 is the shortest
(10 mm shorter than D0) and +D6 is the longest design (40
mm longer than DO) that were considered. All 11 designs are
shown over the longest +D6 design in Figure 2c. Each
dashed green lines correspond to a shorter design whereas
each dashed blue lines corresponds to a longer design and
red dashed line is the DO baseline design. Note that, next to
each dashed line the name of the design and the physical
length of the design compared to DO baseline design are also
provided.

Do (b)

(c)

-D4

-10 mm)
-D3

-7.5mm)
-D2 (-5 mm)
-D1(-2.5mm)
“““ " =1~ 71"~ ~~BASELINE (D0)

F=4=-=+D1 (+ 5 mm)
=-=+D2 (+ 10 mm)
=4--+D3 (+ 156 mm)
F=4--+D4 (+ 20 mm)

'
1
i
1
1
HE ¥

F=4==+D5 (+ 30 mm)

|F=4=~+D6 (+ 40 mm)

Figure 2. Photo of an actual experimental model for +D6 (a),
the geometry of the baseline (D0) and the smallest -D4
designs (b), and schematic indicating the geometrical length
of each design (c).

2.2. Frequency Measurements

In order to extract the frequency characteristics of each
considered design a Constant Temperature Anemometry
(CTA) system from A.A. Lab Systems (LTD AN-1005) was
used. The hot-wire probe used for measurements was Dantec
Dynamics Type 55R01 probe. This probe's sensor is made
out of 70 pm diameter quartz fiber. It is 3 mm long and
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covered by thin nickel coating (0.5 pm) to be used in air
applications. The probe was located 10mm downstream and
2 mm off the centerline of the oscillator throat for each
measurement as shown in Figure 3 for design +D3. The hot-
wire probe was not calibrated since the power spectral
characteristics of a signal can be accurately obtained from
raw voltage data. Probe signal was sampled at 25.6 kHz
which allows observation of frequencies up to 12.3 kHz due
to the Nyquist Theorem. A mass flow controller (Alicat
Scientific MCR-250SLPM-D/10M) was used to measure the
mass flow rate through the oscillators. The uncertainty in the
measured frequency was calculated to be +4%.

Figure 3. Location of the hot-wire probe relative to +D3
design.

2.3. Water Flow Visualizations

Water flow visualizations were used to visually monitor the
changes in the sweep angle and to quantify the sweep angle
of the each fluidic oscillator design. Fluidic oscillators were
connected to city water and the flow rate was controlled with
a needle valve. Reynolds number (Re) was matched in order
to ensure similar flow fields between water flow
visualizations and hot-wire measurements in air. Re was
based on the exit width as the characteristic length and the
bulk velocity calculated by using the volumetric flow rate
measured by an Omega Engineering FLR1011ST-D flow
meter. The highest flow rate of 50 SLPM chosen for air and
the corresponding flow rate for water flow visualizations was
28.3 mL/s. A Sony DSC-TX30 waterproof digital camera
was used to record the time-averaged images of the external
flow field.

3. RESULTS AND DISCUSSIONS
3.1. Frequency Characteristics

The frequency characteristics for all designs were obtained
from hot-wire measurements. Frequency maps were
generated by using individual power spectrum for each
design. Such power spectrum for baseline DO design for flow
rate of 60 SLPM is provided in Figure 4. The fundamental
frequency (first harmonic) corresponding the oscillation
frequency of the fluidic oscillator for this flow rate was 800
Hz. Also, harmonics up to fourth are visible in the power
spectra. The frequency value corresponding to fourth
harmonic was 3206 Hz. The magnitude of the signal was
observed to diminish significantly for the higher harmonics.
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Figure 4. The power spectrum for the baseline DO design at
flow rate of 60 SLPM.

Figure 5 presents the frequency maps obtained for the
baseline DO design by combining the power spectra for each
considered flow rate in the range from 10 SLPM to 60
SLPM. The first plot shows the frequency map for up to 4
kHz. In this figure, the fundamental frequencies (i.e.,
oscillation frequencies) are visible and higher harmonics are
also observable. Higher harmonics up to sixth are visible in
the plot for the flow rate of 40 SLPM. In Figure 5, the
zoomed-in plot considers the oscillation frequencies
observed below 1 kHz. As expected the oscillation frequency
increases with the increasing flow rate. The dashed line in
this figure follows the changes in the trend and it was seen to
exhibit quasi-linear character.
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Figure 5. Frequency map for the baseline DO design for flow
rates from 10 SLPM to 60 SLPM.

Additional frequency maps for other designs were generated
to observe the changes in the frequency characteristics for
the considered flow rate range of 10 SLPM to 60 SLPM.
Figure 6 and 7 present the frequency maps for the rest of the
designs. As can be seen for -D4 and -D3, there is no
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observable oscillation frequency i.e., the oscillator geometry
is not capable of generating an oscillating jet for these
lengths. However, design -D2 exhibits relatively higher
magnitude frequencies than the two designs before it but
these magnitudes were still in the lower end. On the other
hand, -D1 design starts to show distinct oscillation
frequencies for all flow rates. Even some higher harmonics
also start to appear. Other designs starting with +D1 clearly
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Frequency (kHz)
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Figure 6. The frequency maps for designs —-D4 to +D1
excluding DO for a flow rate range from 10 SLPM to 60
SLPM.
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show the oscillation frequencies for the considered flow rate
range. However, after the design +D1 the higher harmonics
was tended to disappear for most of the flow rates. Note that,
also after the design +D1 the dark blue contours indicating
lower magnitude signal start to change color indicating the
overall magnitudes of entire frequency range are increasing
beside the fundamental oscillation frequencies.
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Figure 7. The frequency maps for designs +D2 to +D6 for a
flow rate range from 10 SLPM to 60 SLPM.
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Figure 8 was generated in order to isolate the fundamental
oscillation frequencies from the frequency maps. In this
figure, the oscillation frequency for each design is presented
for the considered flow rate range. As seen in here, -D4 and
-D3 yielded zero oscillations i.e., the device does not operate
as an oscillator. However, starting with +D2 this trend
changes and oscillator starts to provide an oscillating jet. As
the length of the oscillator is increased oscillation
frequencies start to decrease and the trend of the frequency
change for a given design becomes more linear. For instance,
it is possible to obtain 1371 Hz with -D2 whereas an
oscillation frequency of 126 Hz is achievable with design
+D6 that are considered in this work. Note that, for both
designs and all designs the exit dimensions were fixed and
only the length of the oscillator was varied. This also implies
that the bulk velocity from each oscillator was constant for a
given flow rate.

1.4 D4
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1.2 -D2
D1
< 1 --D0
E —+D1
=08 +D2
§ —+D3
2 06l j|—+Db4
o —+D5
o +D6
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0 20 30 40 50 80

Mass Flow Rate (SLPM)
Figure 8. Comparison of the oscillations frequencies for all
designs.

Frequency maps can also be generated to present the changes
in the frequency based on the designs. Figure 9 shows these
frequency maps. In here, for each plot the flow rate is
constant and the oscillation frequencies are compared from
one design to another. The nature of the change in the
oscillation frequency with the increasing flow rate is rather
parabolic than linear. Oscillation frequencies increase as the
flow rate is increased as expected.

One of the main observations in here is the fact that when
higher flow rates such as 50 SLPM and 60 SLPM are
considered, the frequency maps indicate some oscillation
frequencies for -D3. But for -D4 no high amplitude
frequency can be observed. Furthermore, as the baseline DO
design is elongated up to 40 mm, the oscillation frequency
becomes broader and this is clearly visible for designs +D4,
+D5, and +D6 from 20 SLPM to 60 SLPM.
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Figure 9. Change of frequency characteristics for all designs
based on the selected flow rate.

%“32140123456
Design Number (D#)

3.2. Sweep Angle Characteristics

The two main components that constitute the characteristics
of a fluidic oscillator are the oscillation frequency and the
sweep angle. The oscillation frequencies for various length
oscillators were measured by means of hot-wire
measurements and sweep angles were obtained by Re
matched flow visualizations. For this purpose, the flow rate
of 50 SLPM chosen and the corresponding flow rate for
water flow visualizations was 28.3 mL/s. Figure 10 shows
such flow visualization for baseline DO design. In this figure,
the sweeping jet generated by the fluidic oscillator can easily
be seen. From this visualization the sweep angle was
measured to be 41° and this value was the highest of all
considered designs.

Figure 10. Flow visualization for the baseline DO design
showing the sweep angle of the oscillating jet generated by
the oscillator.
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The flow visualizations also used to extract the sweep angle
characteristics for the rest of the designs. Figure 11 details
the sweep angle of the each oscillator design. As can be seen
in the visualizations for -D4 and -D3, the sweeping motion
cannot be identified. On the other hand, with design -D2 the
sweeping motion becomes clear and measurable from the
visualizations. After this design, the sweep angle increases
up to 41° for the baseline DO design and starts to reduce
afterwards. The sweep angle goes down to 20° for the longest
+D6 design.

+D2 .

Figure 11. Water flow visualizations for all designs.
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Table 1 summarizes the sweep angle for each design
quantitatively. The measured sweep angle starts from 9° for
-D2, goes up to 41° for the baseline DO design, and goes
down to 20° for the longest +D6 design. Therefore, when the
exit dimensions are kept constant and the length of the
oscillator is changed it is possible to vary the sweep angle
from 9° to 41°.

Table 1. Measured sweep angles for all designs.

Design Sweep
# Angle (©)
-D4 NA
-D3 NA
-D2 9
-D1 37
DO 41
+D1 38
+D2 34
+D3 31
+D4 29
+D5 25
+D6 20

4. CONCLUSIONS

In this work, the fluidic oscillators having the same depth,
throat width, and main geometrical dimensions but various
oscillator lengths were characterized. The characterization
was consisted of oscillation frequency and sweep angle
measurements. The two shortest designs were not observed
to generate oscillations. This fact also yielded an external
flow field similar to that of regular jet for these two designs.
The oscillation frequencies were observed to increase with
the increasing flow rate for a given design. Furthermore, it
was also seen that as the oscillator is elongated compared to
the baseline design, both the oscillation frequency and the
sweep angle reduce. However, when the oscillator is made
shorter, the oscillation frequency increases while the sweep
angle decreases. Furthermore, the oscillator can no longer
sustain the oscillations after a certain length.

Existence of the oscillations were found to be more sensitive
to shortening than elongating the oscillator. The oscillations
were present when the oscillator was elongated by 40 mm
but seemed to cease after shortening the oscillator by 5 mm.
The data and the approach presented in this work can be used
to select a fluidic oscillator with the characteristics that are
specific to the application they are intended to be used for.
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