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Abstract This study focuses on the internal jet interac-

tions and the oscillation mechanism of the feedback-free

fluidic oscillator at low flow rate, corresponding to a

Reynolds number of 1,350 (based on exit nozzle width and

average exit velocity). Particle image velocimetry (PIV)

was used in this study with a refractive index-matched fluid

to minimize reflections that would otherwise occur at the

fluid-acrylic interface in the test setup. A simple micro-

phone-tube sensor configuration generated a reference

signal, with a phase-averaging method based on each

quarter period for velocity time history reconstruction. PIV

results revealed the existence of a vortex of fluctuating

size, shape, and strength on each side of the oscillator; and

two transient vortices that are formed in the dome region of

the oscillator by each of the jets once per period. The dome

vortices periodically bifurcate each of the jets and transfer

some of the kinetic energy of that jet to the opposing jet.

This kinetic energy transfer mechanism dictates the dom-

inance of either jet at the exit, and this mechanism repeats

itself to sustain the oscillations created by the fluidic

oscillator. At this flow rate, the two jets form a continuous

mutual collision, and the jets are never completely cut off

from the exit. The oscillatory behavior at this flow rate is

due to a complex combination of jet interactions and

bifurcations, vortex–shear layer interactions, vortex–wall

interactions, and saddle point formations.

1 Introduction

Characterization of fluidic oscillators is crucial since fluidic

oscillators are promising devices for various engineering

applications, and there is an increased interest in flow

control community to use them as flow control actuators.

Wall-attachment-type and jet interaction-type fluidic

oscillators are the two main types of the fluidic oscillators

(Raghu 2013; Gregory and Tomac 2013). Wall-attachment

fluidic oscillators have been extensively studied since the

1960s (e.g., Booth 1962; Spyropoulos 1964; Lush 1968;

Gaylord and Carter 1969; Tesař and Bandalusena 2011;

Bobusch et al. 2013; Tesař et al. 2013). However, jet

interaction fluidic oscillators are relatively new, and more

study is required in order to characterize and understand

the operating mechanism of this type of fluidic oscillator.

These fluidic oscillators are a very special case in the flu-

idic oscillator family, and its mode of operation is quite

different from the standard wall-attachment-type fluidic

oscillators with feedback channels. However, absence of

diffusers inhibits a reasonable pressure recovery for the jet

interaction fluidic oscillators and constricts their usage to

applications in which efficiency is not the primary

objective.

One of the pioneer designs of jet interaction-type fluidic

oscillator is the feedback-free fluidic oscillator patented by

Bowles Fluidics Corporation (Srinath and Koehler 2001;

Raghu 2001). This design consists of two internal jets
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interacting in an interaction chamber as shown in Fig. 1.

Jet interaction in the interaction chamber eventually leads

to the self-sustained oscillation of the exiting jet. Gregory

et al. (2005) visualized the internal jet interactions of the

feedback-free fluidic oscillator by using pressure-sensitive

paint (PSP) and flow visualization. They reported that two

power jets create an unsteady shear layer by the collision,

and this shear layer is driven by two counter-rotating side

vortices. Gregory et al. (2007) also investigated a micro-

scale version of the feedback-free fluidic oscillator to

determine the characteristics of the oscillator for flow

control applications. They reported that the variation of the

frequency with the flow rate is linear, except one distinct

inflection point. They concluded that different oscillation

mechanisms might be responsible for different flow rates.

Bidadi et al. (2011) used flow visualizations and numerical

methods to extract the oscillation mechanism of the feed-

back-free fluidic oscillator and discussed that the unstable

arrangement of jet interaction creates vortices leading to

oscillatory behavior. Tomac and Gregory (2012) used

particle image velocimetry (PIV) with a refractive index-

matched sodium iodide solution to extract the dual jet

interactions in the interaction chamber of the feedback-free

fluidic oscillator. That study identified three distinct oper-

ating mechanisms in different flow rate regions, termed the

low, transitional, and high flow rate regions. Observations

of the internal flow in the high flow rate region revealed a

flapping interaction of colliding jets similar to that studied

by Denshchikov et al. (1978), where one jet is deflected

toward the dome-shaped region while the other is deflected

toward the nozzle exit. The low flow rate behavior was

discussed by Tomac and Gregory (2013), while the present

study focuses in increased detail on the jet interactions and

oscillation mechanism of the feedback-free fluidic oscil-

lators in the low flow rate region. The main aim of this

investigation is to comprehend the detailed flow physics of

dual jet interactions and bifurcations, the role of the side

and dome vortices in the oscillation mechanism, the

interaction of the walls with the jets and the vortices, and

the overall oscillation mechanism in the low flow rate

region.

2 Experimental setup and data analysis

The feedback-free fluidic oscillator creates an oscillating

jet as a result of fluid jet interactions in the dome-shaped

internal chamber solely based on fluid dynamic principles.

A refractive index-matched PIV technique together with a

custom microphone-tube sensor setup was used to extract

the phase-resolved internal velocity field of the oscillator.

A phase-averaging method based on each quarter period is

also discussed in detail.

2.1 Fluidic oscillator model

The fluidic oscillator model used for this investigation is a

small design (12.5 mm width 9 15 mm length 9 1.5 mm

depth) with an internal nozzle width of 1.70 mm and an

exit nozzle width of 2 mm. Laser cutting, 3D printing and

CNC manufacturing methods were considered for fabri-

cation of the fluidic oscillator models, and laser cutting was

chosen to be the optimum and the cleanest manufacturing

solution. Furthermore, clear acrylic material was selected

for optical access into the internal cavity. Laser-cut models

were designed in three pieces since the laser only cuts two-

dimensional sheets. An assembly of three laser-cut pieces

constituted an oscillator model as seen in Fig. 2 (top and

isometric views).

2.2 Refractive index-matched PIV technique

The PIV technique is an optical and non-intrusive experi-

mental technique that provides instantaneous 2D or 3D

velocity vectors of a flow field. Most PIV measurements

are performed to obtain the external velocity fields over

streamlined (i.e., airfoils) or bluff bodies (i.e., cylinders,

spheres, etc.). In this present study, the PIV technique was

used to extract the internal 2D velocity field of a fluidic

oscillator.

Unpreventable reflections due to laser illumination dic-

tated the use of a refractive index-matching fluid. A

detailed list of refractive index-matching fluids used in

experiments was tabulated by Budwig (1994). Out of all of

the refractive index-matched fluids considered, a sodium

iodide (NaI) solution was selected for this study. A 60 %

NaI solution (by weight) was made with 5.5 kg of NaI

added to 3.66 kg of distilled water to yield 5.5 L of solu-

tion with a density of 1,730 kg/m3. This solution has a

refractive index around 1.5, very close to that of acrylic.

The NaI solution was treated with the method suggested by

Fig. 1 Feedback-free fluidic oscillator design (Raghu 2001)
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Uzol et al. (2002) and kept in a dark and oxygen-free

container. Hollow glass spheres with density of 1,200 kg/

m3 and mean particle size of 10 lm were added as tracer

particles to the NaI solution. The maximum velocity error

induced due to the density difference was calculated to be

on the order of 10-4 m/s; thus, any errors due to particle

buoyancy are neglected in this study. In refractive index-

matched PIV and frequency measurements, the uncertainty

due to the effect of temperature on frequency measure-

ments was calculated to be as high as ±3.59 % per �C

change. In order to account for the effect of temperature in

the calculations of density and viscosity of the NaI solu-

tion, temperature-based density and viscosity equations

were obtained by polynomial fitting of the values provided

by Zaytsev and Aseyev (1992).

The NaI solution was poured into an enclosure (150 mm

width 9 300 mm length 9 200 mm depth), and then a

closed loop fluid supply system for the fluidic oscillator

was arranged with the help of a submerged 8.7 ft head

(*26 kPa) magnetic-drive pump (Totalpond #MD11500).

This experimental setup is shown in Fig. 3. An Omega

FLR1011ST flow meter with range of *3–33 mL/s was

used with a precision flow rate control needle valve. The

flow meter was calibrated before the experimental trials

with the help of a container, a stopwatch, and a graduated

cylinder. The temperature of the NaI solution was mea-

sured with a K-type thermocouple (Omega Inc.) connected

to NI USB-TC01 thermocouple measurement device and

calibrated with a thermometer having 0.1 �C divisions

(Kessler Corp. #2100-3). The microphone-tube sensor

configuration was used for simultaneous frequency mea-

surements. Microphone-tube raw voltage data were filtered

and amplified by using a Krohn-Hite Corp. 3364 model

analog filter. Two channels of the analog filter were used

for band-bass filtering.

PIV measurements were performed with a 200 mJ

double-pulsed Nd:YAG 532 nm laser (Quantel Evergreen

200) with a beam diameter less than 6.35 mm, a CCD

camera (Cooke Corp. PCO 1600) with a macro lens (Sigma

105 mm, 1:2.8D), a programmable timing unit (LaVison

Fig. 2 CAD drawings of three-

piece, laser-cut clear acrylic

models

Fig. 3 Schematic of the

refractive index-matched PIV

setup
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External PTU V. 9.0), and laser sheet-forming optics (a

spherical lens and a cylindrical lens) with a pinhole plate.

The pinhole plate with 0.8-mm-diameter hole was used to

reduce the laser sheet thickness to less than 1 mm since the

depth of the fluidic oscillator is 1.5 mm. As shown in

Fig. 3, fluidic oscillator was submerged and oriented in a

vertical position, such that the exiting jet centerline was

parallel to the ground and the cavity was perpendicular to

the camera. For the flow rate discussed in this paper

(2.8 mL/s), an inter-pulse delay (Dt) of 340 ls was used.

For this low flow rate, the pump was placed in a small

container in the enclosure, and two holes were drilled on

top of this small container allowing NaI to flow down into

the container via these holes. By doing this, only surface

fluid was allowed to flow into the container, and the surface

level difference between the NaI solution enclosure and

NaI solution container enhanced mixing. This simple setup

increased the amount of hollow glass spheres observed in

the interaction chamber of the fluidic oscillator.

LaVision’s Davis 7.2 software was used for data

acquisition and post-processing, in conjunction with Lab-

View 8.6 and MATLAB R2011b. In Davis, each image

pair was cross-correlated with multi-pass processing

(64 9 64 and 32 9 32 window size) with 50 % overlap

with the neighboring window and post-processed with the

help of a median filter to remove spurious vectors. Fur-

thermore, a 3 9 3 Gaussian smoothing filter applied to the

velocity vector fields. Simultaneous PIV and frequency

measurements were made possible by externally triggering

the Davis software, with the PIV recording controlled by a

LabView Virtual Instrument (i.e., whenever the recording

was started in LabView, a TTL trigger signal was sent to

the Davis software from LabView to start PIV recording

simultaneously). The microphone-tube sensor and flow

meter were sampled at 5 kHz, and 600 PIV images were

simultaneously captured at a rate of 3.75 Hz, yielding

160 s of total recording time. However, due to the fluctu-

ations in flow rate and thus fluctuations in frequency, real-

time readings from the microphone-tube sensor were not

suitable for phase-locking, and a quarter period-based

phase-averaging method was used to solve this problem (to

be discussed in Sect. 2.4).

2.3 Microphone-tube sensor setup for frequency

measurements in NaI solution

Although the use of NaI solution allowed obtaining dis-

tortion-free images for PIV velocity calculations, having a

proper sensor for simultaneous frequency measurements in

the NaI solution was problematic. Use of a hot-film sensor

was impossible due to the electrochemical properties of the

NaI solution. The use of a hydrophone was also not pre-

ferred due to the relatively large size of the sensor (thus

highly intrusive), higher cost, and higher frequency ranges

than the frequency range (0–100 Hz) measured in the

present study. Thus, a new sensor configuration was

developed based on a condenser microphone (mic) in

which the flow pulsations were transmitted by a compres-

sion fitting that separated the sodium iodide from an air-

filled tube with the microphone at the other end. Figure 4

shows the schematic of the sensor setup. This sensor con-

figuration consisted of a condenser microphone (Radio-

shack 270-0092), Tygon tubing with inner diameter (ID) of

8 mm, a protective metal casing for the Tygon tubing,

metal tubing with an outer diameter (OD) of 1 mm, a 6-V

power supply, and BNC cable for transmitting the micro-

phone signal. The conjunction regions between the con-

denser microphone and Tygon tubing, and also between the

Tygon tubing and compression fitting cap, were sealed to

ensure that the air inside the Tygon tubing was trapped

between the liquid (NaI solution or water) and the con-

denser microphone. This sealing improved the signal-to-

noise ratio (SNR) of the sensor setup. The condenser

microphone is not waterproof; therefore, the length of

Tygon tubing was selected to ensure that the liquid cannot

reach the microphone sensor.

The amplitude of the measured oscillation phase signal

tended to increase as the sensor was positioned closer to the

oscillator exit. No detailed work was done to explain the

operational mechanism of the microphone-tube sensor

setup; however, it is thought that the condenser microphone

measures the air pressure fluctuations caused by the motion

of the liquid NaI solution in the small metal tubing that is

exposed to the exiting jet. Furthermore, the free surface of

the NaI solution in tubing is thought to act as a very

Fig. 4 Microphone-tube sensor configuration
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sensitive diaphragm that transfers any change to the air

trapped inside the tubing. In order to test the accuracy of

the new sensor setup, frequency measurements from the

microphone-tube sensor were compared with those from

hot-film anemometry. Both sensor measurements were

acquired when the fluidic oscillator was fully submerged in

water, since the hot-film probe cannot be used in NaI

solution. The hot-film anemometry system consisted of a

single-wire hot-film probe (TSI 1212-20 W) with TSI

1053B anemometer and TSI 1057 signal conditioner. The

diameter and length of the hot-film wire were 50.8 lm and

1.02 mm, respectively. This hot-film probe was located

1 mm away from the oscillator exit, at approximately the

same location where the microphone-tube sensor was

located. Since the spectral characteristics of a signal can be

obtained from raw voltage data, neither sensor was cali-

brated. However, the microphone-tube sensor raw voltage

data also required signal conditioning (amplification and

filtering) similar to the hot-film probe. Figure 5 presents a

comparison of the frequency measurements of the fluidic

oscillator with both measurement systems. Even though the

bandwidth of the microphone sensor (30–15,000 Hz) was

limited on the low end relative to the frequencies measured

here, the measurements agreed well and showed that the

microphone-tube sensor is capable of measuring the fre-

quency of the fluidic oscillator accurately. Furthermore,

both sensors captured the oscillation mechanism change

occurring around 4 mL/s.

2.4 Quarter period-based method for PIV

phase-averaging

The feedback-free fluidic oscillator creates an oscillating

jet in a periodic manner. An important step to extract the

internal flow field of the oscillator with the PIV technique

is to phase-average the velocity fields throughout one

period of the oscillation. However, unavoidable flow rate

fluctuations complicated the PIV phase-averaging. The

flow rate fluctuations in this study were approximately

1 %, leading to concomitant frequency fluctuations as high

as 5 % since the frequency of the oscillator depends on the

flow rate. To determine the cause of these fluctuations, the

flow meter was removed from the main supply line and

connected to one of the inlets of the fluidic oscillator to

monitor the spectral properties of the signal at one of the

inlets. The frequency of the oscillator was found to be

measurable from the flow meter signal; however, the peak

amplitude was very low and the peak dropped out inter-

mittently. This indicates that not only the pumping system

is the cause of the flow rate fluctuations, but the fluidic

oscillator itself also has an effect on the fluctuations.

Therefore, fluctuations were observed to occur due to the

unsteady flow field and a non-ideal fluid supply system.

The microphone-tube signal showed a continuously vary-

ing amplitude and period due to these fluctuations. Fur-

thermore, even quarter periods were different from one

another within a single period. A review of literature

indicated that many phase-averaging methods were

employed to address turbulent flows and periodic unsteady

flows. Alfredsson and Johansson (1984) described some

phase-averaging methods such as visual, band-pass filter-

ing, short-time autocorrelation, pattern recognition, and

various variable-interval time-averaging (VITA) tech-

niques based on u velocity, v velocity or temperature.

These are based on evaluation of the probe signal and were

used especially in turbulence production to detect the fre-

quency of occurrence of bursting. Furthermore, phase-

averaging can also be obtained by conditional sampling,

frequency filtering, and cycle-by-cycle smoothing, with

these methods mainly being used to decompose a measured

time-varying signal into a mean part and a fluctuating part

in periodic unsteady flows (Wernert and Favier 1999).

The phase-averaging difficulties due to the flow rate

fluctuations can be further illustrated by using the recorded

microphone-tube signal presented in Fig. 6 (sampling rate

of 5 kHz). In this plot, 0.1 s of the amplified and filtered

signal is presented. Both the amplitude and period of the

signal vary with time. In order to discuss period variations,

one period from Fig. 6, marked with the rectangle, was

selected and presented in Fig. 7. In this figure, the peak

amplitude of the positive half of the period (A1?) is

1.193 V, and the peak amplitude of the negative half (A2-)

Fig. 5 Comparison of microphone-tube measurements with hot-film

measurements (operated in water)
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is -1.006 V. First of all, A1? is higher than A2- which

clearly indicated amplitude variations. Secondly, quarter

period 4 (QT4), valued at 0.0029 s, for instance, is longer

than quarter period 3 (QT3), valued at 0.0026 s. Further-

more, the positive-half period (QT1 ? QT2), valued at

0.0033 ? 0.0032 s, is longer than the negative-half period

(QT3 ? QT4). Therefore, observations of the recorded

microphone-tube data indicated that the flow rate, and thus

frequency fluctuations were continuous (even in a single

cycle) and unpredictable; this complicated any phase-

locking method.

A quarter period-based method for phase-averaging is

mainly based on the interpretation of the microphone-tube

signal in quarter periods. Figure 8 shows a sample micro-

phone-tube signal along with the flow direction of the

exiting jet at each quarter period (1–2, 2–3, 3–4, and 4–5)

depicted by the curved arrows. In this figure, black arrows

represent the location where the exiting jet changes its flow

direction relative to the exit centerline. These direction

changes manifest themselves as peaks and zeroes in the

microphone-tube data, as shown in the top right of the

figure. This is true regardless of the amplitude or period

value (i.e., peaks and zeros indicate exiting jet flow

direction changes). These peaks and zeros are used as the

reference points for the following approach. First of all, the

microphone-tube sensor and the PIV camera trigger signals

were recorded simultaneously. Each quarter was divided

into 10 bins, and the quarters encompassing the camera

trigger signals were extracted for all 600 PIV images.

Second, the camera trigger signal’s time distance to a

reference point (i.e., a peak or a zero point) on its left side

was divided by that quarter’s time length to obtain the

proportional delay of that image within the quarter period.

If the quarter type (1–2, 2–3, 3–4, and 4–5 as shown in

Fig. 8) of the images is the same and the proportional delay

value of the images falls in the same bin, they were used to

obtain phase-averaged values of that bin. By using this

construction approach, a period was constructed from total

number of 40 bins. This corresponded to 9� phase angle

window for each bin, and for the experimented Re of 1,350,

the average number of images in each bin was 15; the

maximum number of images in a bin was 19 and minimum

number of images was 10.

Fig. 6 Sample microphone-tube recording

Fig. 7 Sample cycle from recorded microphone-tube data (zoomed-

in image of highlighted rectangular region in Fig. 6)

Fig. 8 Exiting jet flow direction changing points on fluidic oscillator

in one period of recorded microphone-tube sensor signal
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3 Results

Tomac and Gregory (2012) reported the existence of three

flow rate regions when the frequency characteristics of the

fluidic oscillator were examined. Borders of these regions

for the tested fluidic oscillator are provided in Fig. 9 for the

flow rates from 2.8 to 15 mL/s. The presented results

belong to the flow rate of 2.8 mL/s, and this flow rate

corresponds to Re number of 1,350 calculated based on the

exit nozzle width (2 mm), average velocity at the exit

nozzle (0.935 m/s), and the kinematic viscosity of NaI

solution at 28.9 �C (1.382 9 10-6 m2/s). The results and

discussion presented here illuminate the unknown flow

physics and oscillation mechanism of the feedback-free

fluidic oscillator in the low flow rate region and provides

useful information on dual jet interactions and bifurcations,

the role of the side and dome vortices in the oscillation

mechanism, the interaction of the walls with the jets, and

the vortices in the low flow rate region.

Figure 10 represents instantaneous vorticity contours

with superimposed streamlines at an arbitrary phase in the

oscillation cycle. The image shows the characteristic flow

features that form inside the fluidic oscillator throughout

the oscillation process. Two jets issue into the interaction

chamber: the upper jet creates two shear layers (1, 2) and

the lower jet creates two additional shear layers (3, 4). The

upper jet right shear layer (2) feeds the upper side vortex

(6) and the upper jet left shear layer (1) feeds the upper

dome vortex (7). Likewise, the lower jet right shear layer

(4) feeds the lower side vortex (5) and the lower jet left

shear layer (3) feeds the lower dome vortex which does not

exist for this phase, but it forms in the other half period of

the oscillation. Vortices in the dome region form and

vanish depending on the phase; however, the side vortices

just change size, shape, and strength but never vanish. The

bifurcated branch of lower jet coalesces with the upper jet

through the dome region (10), and an indicator of the

bifurcation process is the saddle point (8) created inside the

fluidic oscillator. Eventually, due to the interaction of all

these flow features, an unsteady oscillating exiting jet (9) is

created at the exit of the fluidic oscillator.

Figure 11 shows the streamlines superimposed onto the

velocity contours (left) and vorticity contours (right) at 0�
phase angle. 0� phase angle represents the average of the

velocity fields that fell into the phase bin between 0� and

9�. In the vorticity plots, blue colors denote vorticity of a

clockwise sense while the red colors signify vorticity of a

counterclockwise sense. For this instant, the upper jet’s

core is connected with the exiting jet, and most of the

kinetic energy that the upper jet has is transferred to the

exiting jet. At this time, the upper jet’s right shear layer is

not energizing the upper side vortex as most of the kinetic

energy is being transferred to the exiting jet. On the other

hand, the core of the lower jet is not extending up to the

exiting jet and the lower jet is bifurcated into two parts.

The right branch, formed by the lower jet’s right shear

layer, is deflected by the upper jet and energizes the lower

side vortex while the left branch of the lower jet coalesces

with the upper jet via the dome region while suppressing

the upper jet’s left shear layer and adding some of the

kinetic energy from the lower jet to the upper jet (this is

why the upper jet core can extend to the exiting jet while

that of the lower jet cannot). Furthermore, the upper jet is

continuously bended by the lower jet’s left branch over a

half cycle of the oscillation with one such instance seen in

Fig. 11. Therefore, the coalescence process bends the

upper jet and also adds kinetic energy to the upper jet, but

does not cut the upper jet’s core connection with the exiting

jet. Nevertheless, the lower jet’s left shear layer starts

creating a small dome vortex as shown with a white arrow

in the velocity contour plot. This small dome vortex starts

entraining some portion of the left branch of the lower jet

while squeezing and pushing the rest toward the upper jet

as it grows. Therefore, when the lower jet’s right shear

layer energizes the lower side vortex, it becomes strong

enough to push the lower jet toward the dome region, and

this push causes the lower jet’s left shear layer to start

creating a dome vortex which entrains some portion of the

lower jet toward the dome region. As seen in the vorticity

contours, the vorticity involved with the lower side vortex

is higher than the upper side vortex, and so the size of the

vortex is relatively bigger such that it pushes the lower jet

toward the dome region and lower jet reacts to this push by

Fig. 9 Volume flow rate-frequency characteristics of the fluidic

oscillator
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creating the dome vortex. In fact, the vorticity attributed to

the upper side vortex is a remnant from the previously

energized upper side vortex caused by the bending of the

upper jet in another phase of the oscillation where the

lower jet’s core had been fully connected with the exiting

jet. This will be shown in subsequent phase results. Also,

the increase in vorticity at the two lips of the exit is due to

the sharp edges of the orifice and shows the shear layers of

the exiting jet. Furthermore, the lower side vortex increases

the vorticity of opposite sign in the boundary layer formed

on the wall at the bottom part of the oscillator’s exit, as

shown by the white arrow in the vorticity plot. A similar

effect but with less vorticity change is also observable in

the vicinity of the upper side vortex over the wall.

Figure 12 presents the velocity and vorticity contours

for a phase angle of 45�. The data demonstrate that as the

dome vortex is fed by the lower jet’s left shear layer, the

size of the dome vortex grows. More important is the

observation that the dome vortex moved increasingly far-

ther away from the dome wall toward the upper jet. As the

dome vortex becomes stronger and larger, it starts pushing

the lower jet toward the exit and constricting the left

bifurcated branch of the lower jet in the dome region

between itself and the upper jet. The core of the lower jet

extends closer to the exit, and the connecting region

between the upper jet and exiting jet is reduced. Under the

influence of the lower jet’s motion toward the exiting jet,

the lower side vortex migrates closer to the walls, which is

followed by increased vorticity changes near the surface.

On the other hand, the upper side vortex is very weak as

shown in the velocity contours with mostly dark regions

indicating velocities near zero. The reason for that is this

Fig. 10 Nomenclature for

internal flow features

Fig. 11 Streamlines superimposed on velocity (left) and vorticity (right) contours at 0� phase angle (Re = 1,350)
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side vortex is not energized by any of the jets, and so its

kinetic energy is diminished due to the viscous effects and

some of the energy is transferred to the exiting jet via the

vorticity created by the sharp surfaces near the exit orifice.

As the dome vortex approaches the upper jet, as shown

in Fig. 13, there is no room left for the lower jet’s left

branch to coalesce with the upper jet, so the dome vortex

starts bifurcating the upper jet, and this time the left branch

of the upper jet starts to coalesce with the lower jet in the

dome interaction region. Furthermore, the potential core of

the lower jet extends much closer to the exiting jet while

the upper jet’s core connection with the exiting jet con-

tinues to become thinner. At this very moment, a saddle

point is clearly seen between the dome vortex and the

upper jet, as marked with a white arrow in the velocity

contours showing that the dome vortex reaches the upper

jet and starts bifurcating it. The strength of the lower side

vortex decreased as seen in the vorticity contours, since the

lower jet core gets closer to connect with the exiting jet

(i.e., it is about to stop energizing the lower side vortex).

Figure 14 shows one of the major findings of this

study. In this figure, the dome vortex and the saddle point

are shown to collide, and this collision cuts the connec-

tion of the upper jet’s potential core with the exiting jet

while the lower jet’s core starts connecting with the

exiting jet. Therefore, this collision between the dome

vortex and the saddle point was discovered as the

underlying mechanism of the jet-switching behavior. As

shown in the velocity contours of Fig. 14, the upper jet’s

core region is no longer connected with the exiting jet

while the lower jet becomes the internal jet which feeds

the exiting jet.

Fig. 12 Streamlines superimposed on velocity (left) and vorticity (right) contours at 45� phase angle (Re = 1,350)

Fig. 13 Streamlines superimposed on velocity (left) and vorticity (right) contours at 90� phase angle (Re = 1,350)
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For the 135� phase angle as shown in Fig. 15, the upper

side vortex is beginning to be energized by the bended

upper jet’s right shear layer. However, the upper jet is still

not deflected toward the upper side vortex region and is

still connected with the exiting jet. The vorticity in the wall

boundary layer in the vicinity of upper side is increased. A

small dome vortex is formed by the upper jet’s left shear

layer, similar to the one created by the lower jet’s left shear

layer at the beginning of the oscillation cycle.

At a phase angle of 180�, half of the oscillation period is

completed as seen in Fig. 16. A dome vortex fed by the

upper jet’s left shear layer is growing stronger and larger

while the upper jet’s right shear layer is deflected toward

the upper side vortex which is being energized by this shear

layer. At this time, the potential core of the lower jet is

connected with the exiting jet. Also, although the upper jet

is not cut off from colliding with the lower jet, the core of

the upper jet is not connected with the exiting jet.

A half period of the oscillation in the low flow rate

region is completed with the phase angle of 180�. The rest

of the oscillation period has a similar mechanism; however,

the role of the jets, shear layers, and vortices are switched.

The other half period is shown in Figs. 17, 18, 19 and 20.

When these figures are considered, it was observed that

neither of the jet shear layers (lower jet or upper jet) can

extend beyond the exit centerline at the same time.

Figure 17 shows the velocity and vorticity contours with

the streamlines superimposed for a phase angle of 225� in

Fig. 14 Streamlines superimposed on velocity (left) and vorticity (right) contours at 117� phase angle (Re = 1,350)

Fig. 15 Streamlines superimposed on velocity (left) and vorticity (right) contours at 135� phase angle (Re = 1,350)
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Fig. 16 Streamlines superimposed on velocity (left) and vorticity (right) contours at 180� phase angle (Re = 1,350)

Fig. 17 Streamlines superimposed on velocity (left) and vorticity (right) contours at 225� phase angle (Re = 1,350)

Fig. 18 Streamlines superimposed on velocity (left) and vorticity (right) contours at 279� phase angle (Re = 1,350)
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the low flow rate region. Similar to the first half of the

oscillation period, the dome vortex created by the upper

jet’s left shear layer is moving toward the lower jet while it

constricts the left branch of the upper jet between itself and

the lower jet. For the phase angle of 279� shown in Fig. 18,

the lower jet is now bifurcated, and it coalesces with upper

jet over the dome vortex while the saddle point is clearly

seen and shown with a white arrow on the left image. In

Fig. 19, collision of the dome vortex and the saddle point

has been completed, and the potential core of lower jet is

no longer connected to the exiting jet any longer, but the

upper jet core is now connected to exiting jet. Finally, for

the phase angle of 351� shown in Fig. 20, the upper jet core

is connected with the exiting jet, signifying that the lower

jet has been bifurcated; the left branch coalesces with the

upper jet, and the right branch is deflected to energize the

lower side vortex.

Jet interactions and oscillation mechanism of a feed-

back-free fluidic oscillator at low flow rate are discussed in

this section in detail. Table 1 summarizes the main flow

physics for each phase angle in the first half of the oscil-

lation with the help of the flow streamlines.

4 Conclusion

In this study, the internal jet interactions and oscillation

mechanism of a feedback-free fluidic oscillator in the low

Fig. 19 Streamlines superimposed on velocity (left) and vorticity (right) contours at 324� phase angle (Re = 1,350)

Fig. 20 Streamlines superimposed on velocity (left) and vorticity (right) contours at 351� phase angle (Re = 1,350)
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flow rate region were extracted by using a refractive index-

matched PIV technique along with a custom made micro-

phone-tube sensor configuration, and a quarter period-based

PIV phase-averaging method. It was observed that two jets

continuously collide with each other in the low flow rate

region; however, jet bifurcation still takes place as the main

kinetic energy transfer method between the jets. Phase-

averaged PIV results also showed the existence of four main

vortices (two dome and two side vortices) created by the

shear layers of the two jets. Dome vortices were found to be

mainly responsible for the jet bifurcation, and they were

observed to appear and vanish throughout the period.

Nevertheless, side vortices never vanished; instead, they

exhibited continuous changes in size, shape, and strength.

While the side vortices went through these changes, they

trigger the creation of the dome vortices, push the jets to

change their flow direction at the exit, and increase the

vorticity of negative sign over the walls. Oscillatory

behavior in the low flow rate region is a result of many

interesting fluid mechanics phenomena such as jet interac-

tions and bifurcations, vortex–shear layer interactions,

vortex–wall interactions, and saddle point formations.
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