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This paper presents the velocity and vorticity fields of a supersonic, pulsed co-flow
injection system, measured using particle image velocimetry (PIV). The active injection
system consists of an actuation air jet from a nozzle (1 mm ID, 1.5 mm OD) that provides
large mean and fluctuating velocity profiles to the shear layers of a fluid stream injected
through a 460 µm diameter annular space surrounding the nozzle. The injector assembly is
designed to operate in three modes in the present study. In the first case, annular fluid was
injected at 70 m/s without actuation and treated as baseline flow. In the second case, a steady
under-expanded supersonic jet with an exit velocity of 350 m/s interacts with the injected
annular fluid. In the last case, the actuation jet pulsing at 15.5 kHz introduces high-
frequency streamwise vortices and shockwaves to the annular stream. PIV data indicate that
steady and pulsed actuation significantly modifies the velocity and vorticity fields of annular
flow. While steady actuation caused intensive shear and high vorticity streaks in the flow, the
high-frequency vortex generated in pulsed actuation resulted in highly fluctuating velocity
and vorticity fields that favor enhanced mixing between the annular stream and supersonic
actuation jet. Quantitative data from this study confirm the potential of this injector system
for flow mixing and control under extreme conditions.

I. Introduction
The efficient mixing of two fluid streams moving at supersonic speed is a challenging problem experienced in

high-speed combustors. Effective and controlled mixing is critical for the safety, economy, and stable operations of
such systems. A co-axial jet configuration is a simple and effective mixing enhancement method in which fluids
flowing separately through the inner core and the annular space meet at the exit plane of the nozzle assembly. For
example, in applications like a gas turbine or combustion chamber of a rocket engine, these fluids could be
oxidizers, such as gaseous or liquid oxygen, and fuel in its liquid or gaseous phase. Effective and controlled mixing can
lead to higher combustion efficacy, longer life, reduced combustor size, stable operations, and fewer
emissions/pollutants. Although the mixing ultimately happens at the molecular level, active flow control techniques
can tailor the flow dynamics at micro and macro scales in favor of rapid diffusion at the molecular level [1-3].

One of the challenges for mixing in such extreme flow conditions is the microscopic convective time scale
(order of milliseconds) associated with high-speed flow systems. Such a small time scale demands robust flow
control actuators to enhance microscale mixing at high speed and positively alter the macroscopic phenomena. The
entrainment and vorticity dynamics resulting from the shear layer instability modification also play a significant role in
the overall efficiency of the mixing process. Passive methods proposed for improved mixing in high-speed systems
use flush-mounted or intrusive injectors to generate streamwise, counter-rotating vortices for rapid nearfield mixing of
the incoming air and fuel [4-12]. Beyond the classical passive co-axial configuration, a few studies explore active
schemes such as powered resonance tubes (PRT) or Hartmann-Sprenger tubes as an option to excite
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the shear layer at high frequency [13]. It is reported that such active jet modulation is promising for improving
penetration and high-speed mixing compared to unmodulated jets [13]. However, the limited operational bandwidth
and larger size restrict their implementation in practical systems.

With an aim to improve mixing at extreme flow speed conditions, an active nozzle assembly integrated with
high-frequency actuators has been developed recently at Tuskegee University by Solomon et al. [14]. More details of
the actuator design, development, and prior implementation for various high-speed flow control applications are
available in [15-19]. In a recent study that quantifies mixing using a planar laser-induced fluorescence (PLIF)
technique, Solomon et al. report that mixing has significantly increased between the annular fluid and the actuation jet
when the nozzle system operates in a high-frequency pulsing actuation mode in comparison to a classical steady, co-
axial actuation mode [22, 23]. The present study aims to explore this interesting phenomenon further and to
understand the flow dynamics of the pulsed flowfield quantitatively using the PIV technique.

Fig. 1 shows a schematic of the active co-axial injector and three modes of operation. The injector assembly
shown in Fig. 1a, which operates in pulsing mode, has four major components: 1) compressed air from a source
nozzle that enters, 2) an actuator block, 3) from which a high-frequency pulsed jet flows out, and 4) and the fluid
stream that is emitted co-axially through an annular space surrounding the actuation jet nozzle as indicated in Figure 1.
Both fluids meet co-axially at the exit plane of the assembly. In pulsed mode, the instabilities of the injected co-
flowing fluid can be tailored using the pulsed supersonic actuation jet operating at a frequency range of 1-60 kHz.
More details of this co-axial injector system, its design, fabrication, and flow mixing characteristics are available in
[22].

Fig. 1 Schematic of the pulsed co-axial injector system and three operating modes a) Pulsed co-axial flow mode, b)
steady co-axial flow mode, c) Annular flow without actuation jet

2



D
ow

nl
oa

de
d 

by
 J

oh
n 

So
lo

m
on

 o
n 

Ju
ly

 1
5,

 2
02

3 
| h

tt
p:

//
ar

c.
ai

aa
.o

rg
 | 

D
O

I:
 1

0.
25

14
/6

.2
02

3-
42

39

In the pulsed mode of operation, the inner actuation jet velocity U1 varies periodically from ~10-400 m/s at a
design frequency of 15.5 kHz. This actuation jet provides highly unsteady velocity fluctuations to the annular flow at
the exit, as indicated in Fig. 1a. The co-axial annular stream exits with a constant velocity of U2, depending on the
injection pressure. For the present experiments, this velocity is set at 70 m/s. In the pulsed actuation mode of
operation, the shear layer of the annular fluid is exposed to the ambient air on one side and the central pulsing jet's
shear layer on the other. Fig. 1b shows a representative flow pattern of the flowfield at the exit when the nozzle
assembly operates in a steady operation mode. The steady annular co-axial jet interacts with a supersonic, under-
expanded actuation jet at the nozzle exit. Fig. 1c shows flow features when the injector operates in no actuation
mode. Only the annular stream flows through the injector in this mode of operation.

Prior studies on this co-axial injector assembly using microschlieren and PLIF techniques confirm that the
actuation jet exiting the nozzle assembly, surrounded by the annular fluid stream, generates high-frequency pulsed
compressible vortices and shockwaves [18, 22]. The fluid injected through the outer annular core is entrained into the
fast-moving compressible vortex and diffuses into it as it travels downstream. These vortexes and shockwaves excite
the shear layer of annular flow on micro and macro scales, causing significantly enhanced mixing (up to 100%)
between them [22]. The present study aims to understand this phenomenon and the flow dynamics of this actuator-
integrated co-flow system through velocity and vorticity field measurements using PIV.

II. Experimental Details
A. Facility Description

a) b)

Fig. 2 PIV set up established at Tuskegee University for the present study

a) Set up for particle image velocimetry (PIV)
The PIV imaging uses a setup, as shown in Fig. 2, established recently at Tuskegee University with support

from the US National Science Foundation. The critical component of this setup is a Quantel EverGreenTM Nd-YAG
dual pulsed laser with a choice of pulse energies up to 200 mJ at 532 nm and 30 mJ at 266 nm with a repetition rate of
15 Hz. PIV experiments use laser low-energy level pulses at 532 nm. A PowerviewTM LS-LCD camera (29 MP,
6600x4400), with high quantum efficiency, low noise with 1.8 frames/s, selectable 12-bit or 14-bit output, and 100 mm
f/2.8 camera lens, acquires the images. An eight-channel digital pulse synchronizer with 250 ps resolution controls
the laser pulses and the trigger for the camera. A UV optic periscope and adjustable laser sheet optics (LSO) with
266/532 mm AR coat create a thin laser sheet at an appropriate test plane in the flowfield generated by the pulsed co-
axial assembly. A six-jet oil droplet generator creates olive oil droplets in CO2 gas, forming the seeded annular fluid
stream in the co-axial injector for velocity measurements. The image acquisition and analysis uses INSIGHT4GTM

software.

b) Measurement of nearfield spectra of actuator flowfield
The unsteady spectra of the flowfield of the active nozzle assembly were measured using a GRAS™ 1∕4-inch

Free-Field Microphone with a sensitivity of 4 mV∕Pa. National Instruments™ 9234, 24-bit, 51.2 kHz data-
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acquisition module acquires the microphone data using LabVIEW™. Fast Fourier transformation (FFT) of time
series with 2048 data points and Hann window with 50% overlap compute acoustic spectra used in the analysis. The
source jet pressure measurement has an uncertainty of 0.1 psi. The micro-gauge used for linear movements of the
nozzle block has an uncertainty of +0.01 mm. A TSITM Mass Flow Multi-Meter 5300-4 measures the flow rate of
CO2 with 2% reading accuracy for measurements up to 300L/min. A high-pressure compressed nitrogen tank (2000
psi) supplies air to the source jet nozzle and the pulsed jet injector assembly. A multi-channel oscilloscope monitors all
signals used for measurements for accuracy.

B. Design details of the co-axial injector assembly
Figure 3 shows the design details of the pulsed co-axial injector assembly fabricated with three brass plates. The

top plate contains a 3mm long, 1.3 mm diameter cavity through which an under-expanded actuator source jet enters
the nozzle block. The second plate has another internal hole that forms the boundary for the resonance phenomena. 1
mm (ID) steel tube (with 1.5 mm OD) connects the cavity in the second plate and directs the air jet to flow out from
the base of the third plate. The last plate has a 1.96 mm orifice, so when combined with the second plate and the
steel tube with 1.5 mm OD, an annular space is formed outside the 1mm tube (ID). The internal cavity in plate 3
connects to a steady fluid (CO2) supply line through a steel tube. The design ensures no interaction or coupling
between the co-axial fluids before they reach the exit plane of the assembly.

a) Front, top, and side view b)Photograph of the injector
Fig. 3 Design details of the co-axial injector a) front, side, and top views b) Photograph of the pulsed co-axial injector

This assembly has a total internal cavity volume of 20.6 mm3. The under-expanded source jet supplied from a
nozzle of 1.5 mm exit diameter (d) enters the assembly through a 1.3 mm orifice located on the first plate. This
source jet produces pulsed flow through the 1mm diameter tube integrated into the second and third plates under
suitable resonance conditions. Such a design allows fluid stream (CO2) injection through the annular space while the
central tube delivers a pulsed actuation air jet (N2) at a designed high frequency of 15.5 kHz. Experiments use two
control parameters, h/d or nozzle pressure ratio, NPR, where h is the distance of the exit point of the source jet to the
actuator cavity, and d is the source nozzle diameter, for frequency control. The present study uses h/d =1.3 and
NPR=5.8 to achieve a pulsing frequency of 15.5 kHz.

C. PIV Data acquisition and processing methods
The PIV image acquisition and analysis used INSIGHT4GTM software. A six-jet oil droplet generator creates

fine olive oil droplets for seeding in CO2 gas, which is used as the annular fluid stream for velocity measurements.
Figure 4 shows representative instantaneous raw images of the flowfield with oil seed particles at three different
modes of operation as described earlier in Fig. 1. Figure 4a corresponds to a seeded annular jet at an exit velocity of
70 m/s without a co-flowing actuation jet at the center. Figure 4b shows the annular seeded jet actuated with a steady
actuation jet from a source nozzle maintained at 65 psi pressure. At this pressure, the actuation jet velocity at the exit
is sonic (~350 m/s). The actuation jet expands to supersonic speed (~400 m/s) outside the co-axial assembly as an
under-expanded jet. Figures 4c&d are two instantaneous phases of the annular seeded jet actuated with a high-
frequency actuation jet operating at 15.5 kHz from the same source maintained at 65 psi. Adjusting the parameter
h/d, the actuation mode can be switched from steady to pulsing at the same input pressure. The annular nozzle is
1.96 mm in diameter, and the actuation jet exits from a nozzle of 1mm ID with 1.5 mm OD, which gives an annular
exit dimension of 1.5mm diameter and 460-micrometer thickness as indicated in Fig. 4. The image calibration
provides a resolution of 23 ᵰ�m/pixel for the PIV data processing.
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The field of view for PIV measurement is 20 mm across the flow and 50 mm in the streamwise direction. The
major challenges for image acquisition are the flow scale (order of mm) and the higher speed of the co-axial stream
resulting from the high-frequency supersonic jet actuation. The actuation jet in steady mode operates at a supersonic
speed of 400+ m/s. The pulsing actuation provides a velocity fluctuation of ~10-400 m/s to the particle-seeded
annular flow. The image acquisition parameters, such as time between the laser pulse (∆t), laser pulse delay, and PIV
exposure time, were fine-tuned considerably to achieve image pairs with sufficient particle movements in various
operating conditions. For the steady and unsteady actuation cases, the ∆t is chosen at 0.40 microseconds, which will
give 157 micrometers (ᵰ�m) movement of seed particles at a velocity of 350 m/s.

Particle seeded annular jet a) without actuation jet b) With steady actuation jet

c) With pulsed actuation jet phase 1 d) With pulsed actuation jet phase 2
Fig. 4 Representative instantaneous raw images of the flowfield with oil seed particles at three different

modes of operation

Since the image resolution is
23 ᵰ�m/pixel, the seed particle will
move at least 6-8 pixels distance
at this measurement speed. The ∆t
is chosen at a higher value of 2 ᵰ�s
for measuring the low-velocity
field of the annular flow moving
at 70 m/s near the injector exit.
The laser pulse repetition rate was
kept at 1.5 Hz for all
measurements. Since the ∆t of the
laser is extremely short at 400

shutters have to close and
c

adjust Fig. 5 Screen shot of timing diagram used for image acquisition

with the signals physically, there
exists an actual delay in the timing for the camera exposure as opposed to the observation in the timing diagram
shown in Fig. 5. The laser pulse delay time is fine-tuned to keep the two camera exposures in sync with the double laser
pulses with the extremely short ∆t.

For 2D spatial calibration, a measured distance in the image –the outer tube diameter is 1.5 mm, measured
within the image and used for calibration. A background removal technique generates cleaner and continuous vector
fields during preprocessing. This technique uses the Image Generator plugin to calculate the minimum pixel
intensity of the input images. This minimum intensity is subtracted from the raw images by the Image Calculator,

5
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which sets its operation parameter to subtraction and its operand parameter to the image and passes in the generator
image. An appropriate processing mask is used for processing data in a region of interest 19 pixels from the nozzle.

The classic PIV processing algorithm is used for processing the images. Considering the intensive vorticity
in the actuated flows, an additional PIV plugin, Use Image Deformation, which accounts for image deformation, has
been used in the image processing approach for the highest accuracy. This plugin fixes the grid engine to
Deformation Grid and the spot mask engine to Deformation Mask. The accuracy comes from the Deformation Grid,
which performs subpixel deformation of particles across frames A and B. The Deformation Mask uses this subpixel
deformation performance to condition and modifies the spots. The deformation grid settings were set values of 3 and
2 for the primary and secondary iterations. The interrogation window is selected from an initial size of 48x48 to a
final dimension of 24x24. Having these differing spot dimensions between final and starting spot sizes increases the
grid resolution by shortening the spatial area of one grid square, which occurs due to a determining factor. This
allows the processor to draw more vectors as more interrogation spots are available. For a Recursive Nyquist Grid, a
final spot size smaller than the starting spot size increases vector rows and columns by a factor of 2, which results in
4 times the number of vectors drawn with each pass. A similar effect is seen with the Deformation Grid plugin.

The correlation engine was set to DirectCorrelator to determine the particle movement between frames A
and B by calculating and subtracting the mean intensity of spots, then summing the product of pixel intensities at
each pixel offset. To further increase the accuracy of the DirectCorrelator, the engine adjusts the correlation map by
an autocorrelation factor. The size of this map is limited by the maximum displacement value, which is a parameter
that limits the maximum allowed displacement of a particle based on the ratio between starting spot A and starting
spot B sizes, which is 1 in this case. This variable is important to limit bad/random vectors because extreme vectors
can be filtered out by limiting how much a particle can be displaced. But in areas where particle displacement is too
low, missing sectors in the vector field can occur, which are sections of the grid where vectors are absent. Therefore
we set the maximum displacement value for the low velocity co-axial annular flow to 0.35 because of its low speed,
causing lower overall particle displacement. For processing the annular flow without supersonic actuation, extreme
vectors aren't something to worry about, so a value of 0.35 allows for more vectors of different magnitudes to be
drawn. To process the vector field of annular flow with supersonic, steady, and pulse actuation, the maximum
displacement value was set to 0.15 because extreme vectors are very likely in these flow types. Hence, 0.15 ensures
a tight restriction that allows for a cleaner image. The Gaussian Peak algorithm was chosen for the peak engine to
locate the displacement peak defined by the correlation engine. It locates the peak with subpixel accuracy by fitting a
Gaussian curve to the highest pixel and its four nearest neighbors. We get our located peak from the application of
two 3-point fits, one fit is done in the 'x' direction with the peak pixel and neighbors to the left or right of it, and one
fit is done in the 'y' direction with the peak pixel and neighbors above and below it. The GaussianPeak and
DirectCorrelator were used for the image pair analysis for the vector field prediction.

Within the processing plugin, Double Correlation was enabled to validate vectors and clean the vector field
before post-processing. It validates vectors by taking the ratio between two correlation maps and measuring that
ratio against the tolerance value, which was set to 3.5. One of the two correlation maps is the correlation map of the
central vector in a square area; the other correlation map is the product correlation map acquired from multiplying
the correlation maps of every vector surrounding that central vector. Any ratio above 3.5 invalidates that central
vector, whereas any below 3.5 doesn't. The default tolerance value is 2, so a value of 3.5 was used so that there was
some leeway given to the vectors while still maintaining some restriction to reduce bad/erroneous vectors. It's
important to note that too tight of a restriction will label vectors of higher magnitudes invalid. So while the vector
field may look good and represent flow behavior, further analysis will show a flow that's not within the velocity
range it's supposed to be (i.e., supersonic actuation may appear to not be in the sonic or supersonic range). Within
the processing, three secondary peaks were also exported; these will be used later in post-processing.

The post-processing for all flow types uses a Global Validation, a Local Validation, and a Vector Field
Conditioning plugin to clean up the vector field. The 'Local Validation' comes before the 'Vector Field Conditioning' by
convention but is recommended so that holes in the field can be better filled once the vectors are determined to be good
or not. The Global Validation plugin was set to the 'standard deviation' range type, with a standard deviation factor
of 4.5. Across the whole vector field, this plugin will determine what constitutes a valid vector by detecting invalid
vectors that don't meet the requirements of the standard deviation factor. The factor determines the range of valid
velocities from a central point valued at the mean velocity. For a vector to be considered valid, it is required that its
velocity falls within this range, and a factor of 4.5 produces some room for vectors to be considered good but
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still applies a tight restriction so that errant vectors won't be considered good. This plugin is suitable for removing
completely erroneous data. Using the Mean Test, the Local Validation plugin was used to validate vectors in a
neighborhood of 5x5. The tolerance was set to 2.5 in both the U and V directions. When the local validation
operates, it calculates a reference vector based on the mean of a 5x5 neighborhood, using each vector in that
neighborhood; the reference vector is then compared to the current vector of the neighborhood. The difference
between the current and reference vector is compared to the tolerance, and if the difference is less than the tolerance, the
current vector is good, and if it's higher, then the current vector is bad. The default tolerance was 2, but the tolerance
was changed to 2.5 to give a little extra leeway to some vectors but still keep a tight restriction. A difference
higher than the tolerance means that the current vector drawn during processing is much higher than it should be, and
2.5 ensures that those types of vectors are invalidated. In this plugin, By Valid Secondary Peak, and By Local Median
were enabled to replace those bad vectors. By Valid Secondary Peak uses the three secondary peaks exported during
processing for replacement, and By Local Median uses the local median of the 5x5 neighborhood. Both
replacement methods are enabled to increase the replacement rate of bad vectors.

The Vector Field Conditioning plugin will fill any holes resulting from failed vector validation. The plugin
was set to recursively fill the holes of a 7x7 neighborhood using the mean vector of that local area as the filler
vector. The Recursive Filling will do repeated passes of filling, first using the most valid neighbors for replacement
vectors; then the second pass uses the second most valid neighbors; valid neighbors can be both measured and
interpolated vectors. In this plugin, smoothing was enabled, with a Gaussian Kernel of 1 in a 5x5 neighborhood.
Enabling this parameter adds a low-pass filter to the vector field after filling holes, tilting vectors towards their
intended horizontal or vertical direction. This reduces some of the noise caused by random particle displacements.
This process ultimately produces a clean but interpolated vector field.

III Results and Discussions

A) Frequency characterization of the pulsed co-axial assembly
Figure 6 shows the frequency spectra of the actuator

integrated into the nozzle assembly measured using a
GRASTM microphone that picks acoustic signals from
the near field. The pulsed co-axial flow shows a distinct
frequency at 15.5 kHz, while the steady co-axial
injection shows no specific tones in the spectra other
than broadband noise. In steady actuation, energy is in
broadband and is focused at 15.5 kHz for pulsed
actuation. The spectra of the seed jet show low
amplitude broadband noise indicating natural
instabilities in the flow.

B) Instantaneous velocity and vorticity fields
a) Subsonic seeded annular flow without co-

axial actuation jet
The present experiments use pressure and the flow

rate of CO2 (annular stream) at 8 psi and 4.7 lit/min,
respectively. For a given annular exit area of 1.08 mm2, Fig. 6 spectra of actuator at three modes operation-

this flow rate gives an estimated exit velocity of U2 ~70
m/s for the seeded CO2 jet. The exit velocity U1 of the
pulsed jet varies from 10-400 m/s during the cycle giving rise to a range for velocity ratio U1/U2~0-6. The exit
flow area ratio A1/A2 of the present configuration is 0.72, where A1 is the area exit of actuator flow, and A2 is the area
of the annular space. With a pressure ratio of fluids exiting the assembly (Pact/Pstream) that varies in the range of 1- 13
during the pulsed co-axial injection process, the momentum of the actuation jet dominates the flowfield for the most part
of the pulsing cycle.

Figure 7a&b shows a representative instantaneous velocity field of the seeded annular flow without a co-axial
actuation jet. The annular stream from the nozzle merges to form a continuous jet with a maximum stream velocity
measured up to 70 m/s. The merged jet core of the annular stream is visible up to 15 mm from the exit. The stream

7
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slowly dissipates into the ambient air, and the velocity drops to 10-20 m/s at 30 mm from the injector exit. The
velocity field captures the natural instabilities present in the shear layer of the annular flow.

Figures 8a&b indicate the vorticity field of the injector corresponding to velocity vectors shown in Figure 7.
The top and bottom annular flow regions form a vorticity core with a maximum magnitude of +50000/s. Beyond this
length, the vorticity core disintegrates and dissipates to a lower magnitude. Since the annular stream experience
shear on both the inner and outer sides of the stream, four distinct dissipated vorticity streaks are observed in the
axial direction in the images in Fig. 8.

a) b)
Fig. 7 Instantaneous velocity fields of the seeded annular jet without actuation

a) b)
Fig. 8 Instantaneous vorticity fields of the seeded annular jet correspond to Fig. 7

b) Subsonic seeded annular flow with supersonic steady co-axial actuation
Figure 9 shows representative instantaneous velocity fields of the seeded annular flow with steady jet actuation

at the center. The steady actuation jet is an underexpanded jet supplied at a pressure of 65 psi, providing a sonic
velocity (350 m/sec) at the exit of the injector. The unseeded supersonic actuation jet accelerates and entrains the
seeded oil particles of the annular flow as it moves downstream. As observed in Fig. 9a, the entrainment is minimal
near the nozzle exit. The highly underexpanded characteristic of the actuation jet and the strong compressible shear
layer restricts diffusion of the seeded annular stream near the nozzle exit.

Due to steady jet actuation, the seed particles in the annular stream attain a maximum speed of 400 m/s at the core
after moving through a distance of 5 to 20 mm from the nozzle exit. The overall velocity of the annular stream is
increased significantly due to the high-momentum steady actuation jet. Figure 10 shows the corresponding two
instantaneous vorticity fields of the seeded annular jet actuated with the steady under-expanded jet. As expected, the
actuation causes continuous and intensive double vorticity streaks in the annular stream in the streamwise direction.
The high vorticity magnitude (200,000/s) indicates that the actuation jet imparts intensive shear to the annular
stream at the core. The magnitude of maximum vorticity has increased 4 times due to the steady jet actuation at the
center core of the annular stream. The continuous vorticity streaks have extended up to 20 mm in the streamwise

8



D
ow

nl
oa

de
d 

by
 J

oh
n 

So
lo

m
on

 o
n 

Ju
ly

 1
5,

 2
02

3 
| h

tt
p:

//
ar

c.
ai

aa
.o

rg
 | 

D
O

I:
 1

0.
25

14
/6

.2
02

3-
42

39

direction. The quantitative effects of steady actuation are evident from the velocity and vorticity fields shown in
Figures 9 and 10. It significantly increased the velocity and vorticity of the annular fluid in the streamwise direction.

c) Subsonic seeded annular flow with supersonic pulsed co-axial actuation at 15.5 kHz
Figures 11 & 12 show four instantaneous velocity fields of a co-axial seeded annular stream when the actuation

jet pulses at 15.5 kHz. These velocity fields correspond to four phases of the pulsed actuation. For example, Fig. 11a
represents the instantaneous velocity field at the beginning phase (0o)of the pulsed actuation observed with an
evolving vortex near the nozzle. This vortex evolves, grows, and moves downstream in the streamwise direction in
phase 90o, as observed in Fig. 11b.

a) b)
Fig. 9 Instantaneous velocity fields of the seeded annular jet with steady actuation jet

a) b)
Fig. 10 Instantaneous vorticity fields of the seeded annular jet with steady actuation jet

a) 0o Phase b) 90o phase
Fig. 11 Instantaneous velocity fields of the seeded annular jet with pulsed actuation jet operating at 15 kHz

9
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As evident in phase 180o, as shown in Fig. 12, the growth and entrainment of annular fluid increase as it moves
further downstream. At phase 270o pulsed vortex weakens considerably with interaction with the annular fluid and the
air in the ambiance. The representative velocity fields of pulsed actuation at various phases of actuator operation
confirm that the active injection offers significant velocity fluctuations in the mean flow of annular fluid. For
example, in comparison of instantaneous images at phases 90o and 180o reveals, velocity fluctuations in a range of
~100-400 m/s in the streamwise location 10-20 mm from the nozzle exit.

a)180o Phase b)270o Phase
Fig. 12 Instantaneous velocity fields of the seeded annular jet with pulsed actuation jet operating at 15 kHz

a) 0o Phase b) 90o phase
Fig. 13 Instantaneous vorticity fields of the seeded annular jet with pulsed actuation jet operating at 15 kHz

Figures 13 and 14 show four instantaneous phases of vorticity fields corresponding to the velocity fields in
Figures 11 and 12. The evolving vortex, its growth, and its movement downstream in the streamwise direction are
captured in these images. As evident in phase 180o, shown in Fig. 14, the growth and entrainment of annular fluid
increase as it moves further downstream.

a) 180o Phase b) 270o phase
Fig. 14 Instantaneous vorticity fields of the seeded annular jet with pulsed actuation jet operating at 15 kHz
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At phase 270o pulsed vortex weakens considerably with interaction with the annular fluid and the air in the
ambiance. Such a highly unsteady vorticity field leads to enhanced mixing between the annular fluid and the high-
velocity actuation jet. The maximum magnitude of the vorticity is observed to be the same in both steady and pulsed
actuation cases.

Figures 15-17 show averaged velocity and vorticity fields of 260 images of three cases a-c discussed –annular
fluid without actuation, with steady, and pulsed actuation, respectively. Due to the steady actuation, the core of
annular fluid velocity and vorticity fields extended significantly from the nozzle exit in the streamwise direction. The
maximum value of vorticity magnitude increases to 400% due to steady jet actuation and the velocity from 70 to 300
m/s.

a) Average velocity field b) Average vorticity field
Fig. 15 Average velocity and vorticity fields of the seeded annular jet without actuation

a) Average velocity field b) Average vorticity field
Fig. 16 Average velocity and vorticity fields of the seeded annular jet with steady jet actuation

b) Average velocity field b) Average vorticity field
Fig. 17 Average velocity and vorticity fields of the seeded annular jet with pulsed jet actuation

A comparison of Fig 16a and 17a shows pulsed actuation leads to lower average velocity for annular stream

11
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than steady actuation. This observation is as expected due to the vortex formation in the pulsed flow. The average
intensity of the vorticity field was also reduced in this case, as evident from Fig. 16b and 17b. The steady and pulsed
actuation cases show two distinct patterns of annular stream diffusion. The high momentum steady actuation jet
entrains the annular fluid to its core and increases speed to supersonic with less diffusion to ambient air. Its diffusion
characteristics increase as the velocity decreases beyond 30 mm from the exit. For pulsed actuation, entrainment and
diffusion begin at the nozzle exit and progress uniformly in the streamwise direction due to the evolving
compressible vortex. This process leads to a more diverging flowfield and attributes enhanced mixing characteristics
than steady actuation.

IV Summary

The paper reports an experimental study on an active, supersonic co-axial jet injection assembly integrated with
ultra-high frequency pulsed microactuators. The assembly steadily injects a fluid through a 460µm annular space
around a 1 mm ID, 1.5 mm OD sonic nozzle with an exit velocity of 70 m/s. The co-axial nozzle at the center (1 mm ID)
issues the supersonic actuation jet in two operation modes: a) as steady under expanded jet at 65 psi and b) as pulsed
actuation jet operating at 15.5 kHz at the same input pressure. The velocity and vorticity field of annular fluid with and
without actuation were measured using particle image velocimetry (PIV). The steady actuation has increased the
velocity up to 400 m/s and introduced four times intensive shear and extended vorticity streaks in the annular stream.
The pulsed actuation resulted in fast-moving, high-frequency compressible air vortices in the injected flowfield.
The growth and entrainment of these pulsed vortexes cause a highly unsteady velocity field and vorticity streaks in
the annular stream. The current study confirms that the co-axial injector operating in pulsed mode can provide
tailored vorticity in fast-moving fluids and be used for high-speed flow mixing and control applications.
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