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We present an experimental analysis of the impulse and harmonic responses of high-
speed and high Reynolds number jets to arc �lament plasma actuation as revealed in the
phase-averaged near-�eld pressure. Scaling laws derived by operating the round jets at
four subsonic Mach numbers and two nozzle exit diameters are used to separate the hydro-
dynamic component of the wave response from the actuator noise. The plasma actuator
applies repetitive impulses at the nozzle lip, and the impulse response is approximated
by employing forcing Strouhal numbers less than 0.1. The resulting phase-averaged sig-
nature displays a compact wave with a positive oscillation preceding a negative one. This
is indicative of a large scale vortical structure that develops from each impulsively seeded
perturbation. As the forcing frequency increases, the compact waves are seen to fuse to-
gether at �rst. With further increases in frequency, the seeded structures appear to be
competing for the energy that is to be extracted from the sheared mean turbulent ow.
Superposition of the periodically phase-shifted impulse response replicates the harmonic
response reasonably well, demonstrating the quasi-linearity of structure interaction with
low forcing frequencies. The present analysis thus provides another perspective on the jet
column mode instability which is usually invoked to explain the existence of an optimum
forcing frequency for mixing enhancement.

Selected Nomenclature

D Nozzle exit diameter, m
Mj Nozzle exit Mach number
ReD Reynolds number based on D and nozzle exit conditions
StD Spectral Strouhal number based on D (fD=Uj)
StDF Forcing Strouhal number based on D (fFD=Uj)
Stmax

D Strouhal number at the spectral peak
T Phase-time measured from the starting time of an actuation pulse (s)
Tpp Time from positive peak to succeeding negative peak of wave component pressure (s)
Uc Convective velocity (m/s)
Uj Nozzle exit velocity (m/s)
a0 Speed of sound in ambient (m/s)
f Spectral frequency (Hz)
fF Forcing frequency (Hz)
p Pressure, normalized by �jU

2
j

pMS Mean square pressure, normalized by (�jU
2
j )2

~p Phase-averaged or ‘wave’ pressure, normalized by �jU
2
j

r Radial coordinate (m)
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x Axial coordinate measured downstream of the nozzle exit (m)
�j Nozzle exit density (kg/m3)
D1 Jet formed with D = 25:4 mm (1 inch)
D1:5 Jet formed with D = 38:1 mm (1.5 inches)
LAFPA Localized arc �lament plasma actuator
LSS Large scale structure
NFP Near-�eld pressure
PSD Power spectral density

I. Introduction

Active ow control has been applied to high-speed and high Reynolds number jets with several objectives,
chief among them being: (a) noise mitigation, and (b) mixing enhancement. In addition to these practical
goals, the organization of the ow a�orded by active ow control may also be used as a diagnostic aid to
facilitate understanding of the essential physics.

Localized arc �lament plasma actuators (LAFPAs) have been developed and implemented for active
control of jets at the Gas Dynamics and Turbulence Laboratory (GDTL) in the Ohio State University over
almost a decade.1{4 Each LAFPA consists of a pair of electrodes placed very near the nozzle exit, connected
to a high voltage source through a switching circuitry. Closing the switch causes the voltage across the
electrodes to rise until the air between them undergoes breakdown, which injects a perturbation to the ow.
Controlling the periodicity of switching as well as the order of switching of the LAFPAs arranged around
the nozzle exit periphery allows metered injection of high-amplitude perturbations into the ow.

Characterization of LAFPAs has been performed with several measurement techniques, viz.: particle
image velocimetry (PIV), schlieren imaging, ow visualization, and acoustic measurements in both the far-
�eld and intermediate �eld. These methods have demonstrated that the LAFPAs have signi�cant control
authority on jets over a large range of Mach numbers and temperatures, for both the objectives stated
above.3,5{11

The near-�eld pressure (NFP, henceforth) has also been assayed, but not as exhaustively as the other
investigations listed.12 The present research is aimed at using NFP measurements to further characterize the
e�ect of LAFPA forcing on jets. The NFP o�ers certain distinct advantages in this regard, consisting as it
does of both hydrodynamic and acoustic �elds.13,14 The acoustic �eld is the propagative part of the pressure
�eld characterized by sonic phase speed. The hydrodynamic pressure is the reactive part characterized by
subsonic phase speed; it contains the convective signature of the large-scale structures (LSS, henceforth)
in the shear layer. NFP measurements must be made very close to the shear layer in order to obtain a
strong signature of the LSS, since the hydrodynamic �eld dominates there but decays quickly with radial
distance.13{16 Owing to the wavenumber-�ltering e�ect in the pressure �eld, the NFP a�ords a natural low-
pass �ltering that rejects the signature of the �ner scales of turbulence.17 Active control manipulates the
LSS, and thus probing the NFP allows a convenient assessment of the forcing e�ect. Additionally, pressure,
being a scalar, is easier to measure than the velocity �eld within the shear layer. Finally, the NFP probes
do not impinge into the shear layer, thereby a�ording a non-intrusive measurement.16

Previous attempts at active ow control of jets have used acoustic drivers,18{20 piezoelectric synthetic
jets,21 and uidic injection.22{25 The perturbations injected into the ow by these actuators are typically
characterized by smooth waveforms with independent control of the amplitude. The distinguishing feature of
the LAFPAs is the impulsive nature of the breakdown that injects the perturbation, and the lack of control
over its amplitude. This allows a study of the impulse response of the jet. Apart from o�ering a window
into the details of the control mechanisms at play, the knowledge of the impulse response is also crucial for
model design aimed at feedback control (e.g. Ref. 26). It will be shown here that the impulse response is
essentially the response of the jet to very low-frequency operation of the LAFPAs. The response to higher
frequencies of LAFPA pulsation is deemed harmonic.

Previous investigations have revealed that forcing with LAFPAs has the e�ect of organizing the jet shear
layer.3,6, 7, 10 This means that LSS are created in the ow with periodicity (in both time and azimuth)
closely matching the excitation. Thus, it is logical to acquire the phase of LAFPA operation simultaneously
with NFP measurements. Then, in subsequent post-processing, a phase-averaging of the NFP record may
be performed to reveal the impulse response of the jet to LAFPA forcing in an average sense.

The working hypothesis in this research is that each impulse of the LAFPA seeds a perturbation in the
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Figure 1. Schematic of the anechoic chamber and jet with measurement tools. Dimensions are in metres.

Table 1. Reynolds numbers ReD(�10�6) at the jet operating conditions.

D
Mj

0.80 0.85 0.90 0.95

25.4 mm (D1) 0.56 0.61 0.66 0.71

38.1 mm (D1:5) 0.84 0.91 0.98 1.06

initial shear layer that grows and rolls up into an LSS. Scaling laws derived from the phase-averaged impulse
and harmonic responses under a range of operating conditions will be used to investigate this premise.

II. Experimental Setup

A. Test Facility

All the experiments are conducted in the newly upgraded anechoic chamber at GDTL within the Aeronautical
and Astronautical Research Laboratories (AARL) at Ohio State University. A schematic of the chamber is
shown in Figure 1. The design and validation has been documented in Ref. 27. The ambient air is compressed
using three 5-stage reciprocating compressors, �ltered, dried, and stored in two cylindrical 36 m3 tanks at up
to 16 MPa. The stagnation pressure immediately upstream of the jet is controlled to maintain the pressure
within 0.2 psi of the desired value. The air is discharged horizontally through the nozzle into the anechoic
chamber, and then through an exhaust system to the outdoors (see Figure 1).

The present work employs two similar converging axisymmetric nozzles, di�ering only in their exit diam-
eters D. The two exit diameters are 25.4 mm (1 inch) and 38.1 mm (1.5 inches), and the respective nozzles
would be denoted as D1 and D1:5 in the rest of this article. The internal contours of the nozzles are designed
using a 5th order polynomial. The nozzles are operated at four subsonic exit Mach numbers Mj , and these
are indicated in Table 1. The jets were not heated, and the stagnation temperature typically stayed between
5 and 15�C. Quasi-one-dimensional isentropic compressible ow relations28 are used to compute the ow
variables at the jet exit from the stagnation temperature and pressure, and Sutherlands formula29 is used
to calculate the dynamic viscosity at the jet exit. The Reynolds number ReD based on D and the exit
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(a) (b)

Figure 2. (a) Photograph of LAFPAs housed in ceramic nozzle extension, and linear array for measuring
near-�eld pressure. (b) Schematic of high-voltage circuitry for one LAFPA channel.

conditions are as shown in Table 1 for the operating conditions reported herein. Previous measurements
indicate that the shear layer is turbulent at the nozzle exit for all the operating conditions.7

B. Localized Arc Filament Plasma Actuators

As discussed in the introduction, GDTL has developed a type of ow control actuator known as localized
arc �lament plasma actuator (LAFPA). Each actuator consists of a pair of pin electrodes held in place
using a nozzle extension (see Figure 2(a)). Eight such actuators are uniformly distributed around the nozzle
perimeter, approximately 1 mm upstream of the nozzle extension exit plane. A ring groove of 0.5 mm depth
and 1 mm width is used to house the electrodes and to shield the plasma. The nozzle extension is made
of boron nitride and tungsten wires of 1 mm diameter are used for electrodes. The nozzle extension for
D1:5 was built earlier, and the spacing between the pair of electrodes in an actuator is 3 mm, measured
center-to-center at the arcing tips. The D1 nozzle extension was designed more recently, and advances in
the circuitry of the LAFPA power supply allowed the tip separation to be increased to 4 mm without loss of
reliability in arcing. Increasing the tip separation increases the breakdown voltage, and the ampli�cation of
the resulting perturbations delivers greater control authority. However, as a consequence of this di�erence
between the two nozzle extensions, the resultant NFP amplitudes cannot be directly compared. The time-
domain characteristics of the NFP in the two cases are still amenable to comparison.

A second-generation eight-channel high-voltage DC plasma generator, designed and built in-house at
AARL, is used to drive the actuators. The circuitry for a single channel is depicted in Figure 2(b). The
capacitor is charged to 100 Volts DC. At this time the switch is open so no current ows in the transformer.
After the capacitor has been charged, a signal (7 �s pulse) from the controlling computer closes the switch
and keeps it closed for the duration of the pulse. There is now a complete path from the charged capacitor to
the transformer. The capacitor discharges through the primary coil generating a magnetic ux �eld inducing
a high voltage in the secondary coil. This secondary voltage increases until it is high enough to overcome
the resistance of the electrode gap and a plasma generating arc is formed. This arc has a duration of about
6 �s beyond the trigger turn o� while the transformer de-energizes. At the end of control pulse the switch
again opens up and the capacitor recharges. This cycle can repeat to a maximum of 20,000 times per second
(20 kHz) with the second-generation power supply system, the limitation being imposed at present by the
cooling requirements. The cooling system is currently being upgraded to increase the frequency capability
to 100 kHz.

The actuator system allows independent control of �ring frequency as well as the order of �ring around
the periphery (azimuthal mode). The forcing frequency is varied from 250 Hz to 15 kHz in non-uniform
increments in the present experiments. All actuators are �red simultaneously, thereby simulating axisym-
metric forcing. Based on previous studies of the e�ect of varying the pulse width,30 it is �xed at 7 �s in
these experiments, as mentioned above. Note that the LAFPA system does not admit direct control of the
amplitude of the perturbations injected.
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C. Data Acquisition

1. Near-Field Pressure Measurements

The NFP is acquired using a linear array of eight microphones in a meridional plane of the jet (see Fig-
ure 2(a)). The axial separation between microphones is 25.4 mm (1.0 inch). The axial location of the entire
array can be selected as desired. For the present experiments, the most upstream microphone is placed at an
axial distance of 2D, measured from the nozzle exit plane. The tips of the sensors on the linear array form
a line inclined at 8.6� to the jet axis. The radial location of the most upstream microphone is 1:35D. This
con�guration ensures that the sensors are approximately equidistant from the outer edge of the shear layer of
the unforced Mj = 0:9 jet, as measured in earlier PIV assays.7 The conical con�guration and axisymmetry
of the jet allow the sole speci�cation of the axial coordinate of a sensor to fully determine its spatial location.
The 1/4 inch Bruel & Kjaer (B&K) (model 4939) microphones are paired with B&K pre-ampli�ers (model
2670). The excitation signal to the microphones, as well as the ampli�cation and �ltering of the output, are
performed on B&K Nexus signal conditioners (model 2690). The circuitry of the microphones was found to
be robust to the electro-magnetic interference arising from the LAFPAs.

The voltage signal from each microphone is band-pass �ltered between 20 Hz and 100 kHz. The ampli�ed
signals are simultaneously acquired using National Instruments (NI) PXI-6133 A/D boards and LabVIEW
software. The microphones are calibrated using a 114 dB, 1 kHz sine wave, and the frequency response of
the microphones is at up to 80 kHz with the microphone grid cover removed. Signals are acquired at 200
kHz with 81920 data points per block of samples. Ten such blocks of data are recorded for each experimental
case resulting in 4 seconds worth of data, which is su�cient for convergence of turbulence statistics. For
calculation of power spectral densities, the short-time window is set to 8192 samples, resulting in a spectral
resolution of 24.4 Hz.

2. Actuation Phase

The phase-averaging of the forcing response requires precise knowledge of the actuation signal corresponding
to each pressure sample. In each experimental run with forcing, a unique forcing frequency is employed
and all the LAFPAs are �red simultaneously. The particular character of LAFPAs described above then
means that the only unknown forcing information at any time is its phase. A sampling frequency of the
order of MHz would have been required to determine the phase from the rectangular pulse train controlling
the LAFPA operation. Instead, the pulse train controlling the �rst LAFPA is supplied to an Agilent 3320A
20 MHz arbitrary waveform generator, where each of the square rising edges on the rectangular pulse train
triggers a rising ramp signal. This sequence of ramp signals is acquired simultaneously with the pressure
signals using the NI hardware and LabVIEW program described above. The output from the waveform
generator is high at 5 V by default. Each ramp rises from 0 to 5 V within 50 �s, which is shorter than the
smallest forcing time-period of interest, while being long enough to be sampled multiple times at the 200 kHz
sampling rate. In post-processing of forcing cases, the ramp signal is decoded to determine the actuation
phase at each pressure sample. An example of the ramp signal appears subsequently in Figure 6.

III. Unforced Jet Results

A preliminary characterization of the near-�eld pressure in the unforced jet situates the ensuing discussion
of the impulse response. The availability of data over the range of nozzle exit velocities and the two nozzle
exit diameters also a�ords a unique opportunity to evaluate some of the commonly used scaling laws in NFP
analysis.

The established normalization for the near-�eld pressure uctuation amplitude, p, at least for cold sub-
sonic jets, is the nozzle exit dynamic head �jU

2
j , where �j and Uj are the exit density and axial velocity

respectively.13,14 This scaling is implied for all NFP data presented, unless otherwise mentioned. The NFP
spectral frequency, f , is always converted to the non-dimensional Strouhal number, StD = fD=Uj . The
NFP amplitude and frequency are functions of the measurement location, but these are not addressed in the
above normalizations. The axial distance, x, from the nozzle exit plane and the radial distance, r, from the
jet centerline are normalized by D.

The mean-square (or equivalently, variance) of the pressure uctuations, pMS, in the unforced jet are
presented in Figure 3. The nozzle exit dynamic head is collapsing the data relatively well over this range

5 of 17

American Institute of Aeronautics and Astronautics



Figure 3. Mean-square of near-�eld pressure uctuations in unforced jets.

Table 2. Convective velocity Uc=Uj from unforced jet correlations at x = 4D.

D
Mj

0.80 0.85 0.90 0.95

D1 0.70 0.71 0.71 0.72

D1:5 0.69 0.71 0.72 0.71

of Mach numbers. The growth and decay of the NFP amplitude with axial distance has been well docu-
mented.15,31,32 The NFP is primarily hydrodynamic at the array location (see following discussion). Thus,
this behavior of pMS in Figure 3 is indicative of the corresponding dynamics of the LSS that are evolving
downstream.

The degree of collapse is better for D1:5 than for D1, the reason for which is not known. Although the
r=D location of the microphone array was kept the same for the NFP measurements in D1 and D1:5, the
scaled pMS values do not match. Except for the most upstream observation locations, though, the trends are
similar. The precise placement of the near-�eld sensor array relative to the nozzle exit is challenging, and
the near-�eld decays rapidly. Apart from this possible explanation of the discrepancy from the measurement
aspect, a second reason may be sought in the di�erences of the contraction ratios in the two nozzles. The
D1 nozzle, with the more aggressive contraction, may have lower turbulence levels in the boundary layer
at exit, making it inherently ‘quieter’. The signi�cant contribution of the nozzle internal geometry to jet
development and far-�eld acoustics has recently received renewed attention (e.g. Ref. 33). In any case, this
lack of D-scaling of the spatial dependence of the pMS �eld precludes direct comparison of the amplitudes
recorded with the two di�erent nozzles. Such a comparative exercise is also disallowed by the di�erences in
the LAFPA strengths between D1 and D1:5, as mentioned in Section II.

A notion of convective velocity, Uc, of the LSS can be obtained from a space-time cross-correlation of
the NFP signals measured at two axial stations.31,32 The convective velocity is known to scale with the
centerline velocity, and thus decreases downstream of the potential core. The correlation method was used
to calculate Uc=Uj at x = 4D, and the results are presented in Table 2. The value of Uc=Uj remains very
close to 0:7 independent of the jet operating conditions tested. A value of 0.69 was also reported for a
Mach 0.85 jet with D = 50:8 mm.32 These values are higher than the typical value of 0.6 reported for low
subsonic jets,13 although a factor of 0.7 was reported for a Mach 0.3 jet.14 Moreover, a value of 0.58 was
reported for the Mach 0.9 jet with 25.4 mm exit diameter operated at GDTL; this was computed by using
cross-correlation of conditionally-averaged particle image velocimetry data in the shear layer.7 This diversity
reects the di�culty in de�ning and measuring the convective velocity in high-speed jets.

Figure 4(a) presents the power spectral density (PSD) plots for the unforced jets measured at x = 4D,
r = 1:65D. A good collapse of the data is observed with the scaling using Strouhal number and the nozzle
exit dynamic head, barring the discrepancy in the results between D1 and D1:5.

Ref. 13 analytically showed that the change in the slope of the NFP spectrum, noted at StD � 0:6 in
Figure 4(a), is indicative of the demarcation between the hydrodynamic and acoustic frequential components
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(a) PSD of pressure at x = 4D (b) StD at peak of PSD

Figure 4. Spectral character of NFP in unforced jets.

of the NFP. The critical frequency was reported in terms of ky. Here, k denotes the wavenumber and y
refers to the radial distance of the NFP sensor from the lip-line, which is assumed to be an approximate
location of the source of the pressure uctuations. For negligible dispersion in the irrotational near-�eld,
k = 2�f=a0, where f refers to spectral frequency and a0 is the ambient speed of sound. The demarcation
in the spectrum was reported as ky � 2 for low subsonic jets.13,14,34 For a Mach 0.85 jet the critical value
was found to be ky � 3:5.35,36

Figure 4(a) indicates that the demarcation is occurring at StD � 0:6 for all the Mach numbers and jet
diameters studied. At x = 4D, the radial distance y = 1:15D. Thus, the ky value for the change-over varies
between 3.5 and 4.1 for the range of Mach numbers studied here. This agrees very closely with the results
from the Mach 0.85 jet stated above. A better collapse of the critical frequency may be obtained with fy=Uc

than ky. This was indeed veri�ed for all the measurement locations and Mach numbers in both D1 and
D1:5, and a very consistent value of unity was found. Moreover, for the 170 m/s exit velocity and convective
Mach number of 0.3 reported in Ref. 13, the ky = 2 factor also converts to a value of fy=Uc = 1. Since the
factor Uc=Uj is 0.6 in Ref. 13, scaling the critical frequency by Uj would not have yielded this match. By
de�nition, Uc=f is the axial wavelength of a structure of frequency f . Thus, the above scaling of the critical
frequency is indicating that the character of the NFP associated with a structure is changing to acoustical
at a radial distance approximately equal to the corresponding axial wavelength of the large-scale structures.
This is an intriguing observation.

In Figure 4(a), the spectral change to acoustic character is occurring between 1 and 2 orders-of-magnitudes
below the peak. Thus, the NFP is predominantly hydrodynamic at the location of the sensor array. This
means that the spectral peak frequency reects the temporal character of the most dominant large-scale
structures. Figure 4(b) presents the Strouhal number at the spectral peak, Stmax

D , over the range of mea-
surement locations and jet operating conditions. Prior to the peak determination, the spectral curves are
smoothed by a moving average �lter whose window size increases with frequency to yield an undistorted
curve in the logarithmic scale.

The decrease in Stmax
D with axial distance from the exit has been discussed in the literature,13,31,32 and

this has been linked to the growth of the shear layer. In particular, Ref. 13 noted that multiplying the
spectral frequency by (x � x0) can collapse the spectra between x � 3D and the end of the potential core
due to the self-similarity in this range. Here, x0 is a �tting constant. The Stmax

D values in Figure 4(b)
exhibit relatively greater scatter at the �rst sensor location, but are indeed very well collapsed downstream
of x � 3D. A least-squares �t for the Stmax

D data for x � 3D yielded the following relation

Stmax
D (x=D � 0:91) = 0:54; (1)

with coe�cient of determination R2 = 0:92. The axial extent of the sensor array is insu�cient to discriminate
the above �t beyond the end of the potential core.
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Figure 5. Mean-square of near-�eld pressure uctuations (�106) with forcing. The sub-�gure titles indicate
the nozzle case and Mj .

IV. Forced jet results

The three-dimensional parameter space of subsonic Mach number (Mj < 1), nozzle exit diameter (D1
and D1:5), and forcing frequency, fF , is swept to determine the forcing response of the jet using the NFP
measurements. The linear array of NFP probes is held �xed at the location mentioned earlier. The forcing
frequency is normalized to the forcing Strouhal number StDF = fFD=Uj as usual, and one of the objectives
here is to evaluate this scaling law.

A. Time-averaged response

The simplest metric of the time-averaged response of the NFP is pMS, and this is documented for the entire
parameter space in Figure 5. The following observations are made:

� The amplitude-e�ect of forcing is frequency-dependent. At any spatial location, increasing the StDF

rapidly increases the pMS followed by a gradual decrease.

� Although no trend can be observed in the amplitudes with Mj , there is quite a lot of variability, much
more than the observed variations in the unforced jet in Figure 3.

� The peak StDF decreases with downstream distance of the measurement location, much like the de-
crease in Stmax

D in the unforced jet (see Figure 4(b)).

� The peak StDF appears to be independent of Mj , and similar behavior was also noted for Stmax
D .

� The general shape of the contours described above is similar for all the jet operating conditions dis-
played. However, there are signi�cant di�erences too.

{ The maximum amplitude e�ect in the case of D1 is measured at the most upstream sensor. On
the contrary, for the D1:5 case, the peak is observed at x = 3D. A similar discrepancy can also
be noted in the unforced jet results in Figure 3.

{ In general, the pMS for D1:5 are higher than those for D1, and this trend also follows the cor-
responding behavior observed in the unforced jet. It must be recalled though, that the nozzle
extensions in D1 and D1:5 have di�erent tip-separation of the LAFPAs (4mm vs. 3mm). The
increased tip-separation is expected to produce greater perturbation. The comparatively lower
amplitudes observed in D1, posing as it does the reverse trend, cannot be explained by the LAFPA
strength.

{ The peak StDF is consistently higher for D1:5 compared to D1. This is not reected in the Stmax
D

plots presented in Figure 4(b).
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Figure 6. Response of NFP at x = 2D for Mach 0.9 D1 jet forced at 770 Hz. The falling edges of the ramp
signal indicates the instants at which the LAFPAs are switched on.

The collapse of the results (with the caveats mentioned) with the proposed scaling provides evidence that
the perturbations imparted by forcing are extracting energy from the ow and generating LSS.

B. Wave response

The main interest in the present analysis is the new information that the simultaneous acquisition of the
actuation phase provides. Figure 6 depicts the relationship between the NFP and the actuation. It is clear
that each LAFPA �ring is triggering a pressure pulse that rises well above the baseline uctuations.

The triple decomposition37 is a convenient tool to analyze periodically forced ows. For the NFP, the
mean value is the uniform ambient pressure, and thus the decomposition is simpli�ed. The instantaneous
uctuating pressure is then written as

p = ~p+ p0; (2)

where ~p is the ‘wave’ component of the pressure, and p0 is the residual ‘turbular’ part. For a known forcing
frequency fF , the wave component is computed by the following phase averaging technique

~p(T ; fF ) := lim
N!1

1

N

N�1X
n=0

p (T + n=fF ): (3)

Here, T refers to the phase-time measured from the starting time of an actuation pulse. To avoid phase
ambiguity, T is not bounded within 0 and 1=fF in the above de�nition, so that ~p itself is periodic.

The wave component of the NFP response in forced jets is computed in the following steps:

1. The expected time-of-arrival is computed for each sensor location assuming that the seeded perturba-
tion travels to a downstream sensor approximately at the convective velocity, Uc. Note that this time
delay estimation is made independent of StDF , but it depends on the jet operating conditions through
the changing Uc.

2. For each sensor, a time window is de�ned with center at the expected time-of-arrival and width equal to
15 ow time units, (Uj=D). This is assumed to be su�ciently long to fully capture the wave component
of the response even if StDF < 1=15. The subsequent results bear out this assumption.

3. The temporal beginning of each forcing pulse is determined from the recorded actuation control signal.
Recall that all LAFPAs are �ring simultaneously in the present experiments.

4. For each pulse, the recorded pressure signal is windowed such that the zero-time of the window coincides
with the beginning of the pulse.

5. The average of all such windowed signals yields the wave response of NFP at a particular sensor.
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(a) Phase time scaled by ambient speed of sound (b) Phase time scaled by Uj

Figure 7. Impulse response of NFP at x = 2D with two di�erent phase-time scalings to highlight the (a)
acoustic, and (b) hydrodynamic components. The actual forcing frequency was approximately 250 Hz.

1. Impulse Response

Figure 7 shows the wave component of NFP at x = 2D for forcing at fF � 250 Hz, which was the lowest used
in these experiments. Exciting the jet at such a low frequency is equivalent to exciting it impulsively since
all the relevant timescales of the jet are at least an order-of-magnitude smaller than the forcing period. The
bene�t of periodic forcing is the opportunity for phase-averaging a�orded on data from a relatively short
experimentation time. Each actuation pulse is seen to generate two well-de�ned compact waves, both with
a positive excursion preceding a negative one.

The earlier but smaller wave is the actuator ‘self-noise’ traveling directly to the sensor without being
modulated by the ow. This is revealed by the collapse of these signatures irrespective of Mj and D once the
phase-time is normalized to Ta0=D in Figure 7(a). The distance from the nozzle exit to the sensor is 2:17D,
which agrees with the observed time of arrival. Phase-locked schlieren imaging has demonstrated that each
actuator pulse generates a compression wave30 that is discernible near the nozzle, and this is being captured
by the sensors in the near-�eld. The actuator self-noise dissipates quickly, becoming indistinct after the
phase-averaging process at the downstream sensors. The precise shape of the signature cannot be resolved
within the bandwidth of the microphones used, but a negative excursion is seen to trail the compressive
wave front resulting in zero-net value.

The second compact wave generated by each actuation is much stronger, and has very di�erent charac-
teristics compared to the �rst wave, as listed below:

� This is a hydrodynamic response, as evidenced by the collapse of the time-of-arrival observed over the
range of operating conditions when the phase-time is normalized by the ow time scale as TUj=D in
Figure 7(b).

� The typical size of large-scale structures at any axial station scales with the width of the shear layer,
which in turn scales with x. Their convective speed, Uc, scales with Uj as shown before. Thus, the
temporal persistence of a typical LSS at any station x=D scales with D=Uj . The temporal extent,
Tpp, of the wave response recorded at a sensor in Figure 7(b) may be de�ned as the time from the
positive to the negative peak. Its scaling with D=Uj then supports the conclusion that each LAFPA
pulse generates a large-scale structure.

� At a given measurement station, the amplitudes scale with dynamic head, indicating that the response
is deriving its energy from the jet ow and not from the perturbation itself.

� The negative excursion is the low pressure associated with the vortical core of the large scale structure
seeded by the LAFPA perturbation. The positive peak is the compressive front that leads the LSS.

� Although the ~p signatures collapse very well for all the Mj for a given D, the collapse across the D1 and
D1:5 is not as good. The lack of exact collapse can also be seen in the actuator self-noise signatures.
This is probably caused by a slight error in placement of the linear sensor array in the two experiments.
This issue will be revisited subsequently.
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(a) Wave shapes in Mj = 0:9 jet (b) Time from positive to negative peaks

Figure 8. Axial evolution of impulse response of NFP. Filled and open markers respectively signify D1 and
D1:5 data in (b).

� The minor amplitude discrepancies across di�erent operating conditions can be expected from the
corresponding discrepancies noted in the unforced jet (Figure 3) and the forced jet (Figure 5).

� There is no observed pattern to the slight variations with Mj .

Figure 8(a) investigates the axial evolution of the impulse response. As expected from the above descrip-
tion of large-scale structures seeded by the impulse, the convective arrival of the impulse response occurs at
later times for downstream sensors. The amplitude of the response also decreases with downstream distance,
as expected from the un�ltered forcing response (see Figure 5). There are noticeable di�erences in the char-
acteristics between the D1 and D1:5 jets, and the investigation of this is facilitated by Figure 8(b). This
focuses attention on the axial evolution of the persistence (or compactness) parameter, Tpp, for the range of
operating conditions.

The earlier discussion has linked Tpp to the typical local size of the seeded LSS. The width of the shear
layer scales almost linearly with x up to the end of the potential core.38 Figure 8(b) also demonstrates
that Tpp of the impulse response increases linearly up to x � 6D. This constitutes further evidence that
the perturbation seeded by the impulse develops into a large-scale structure that grows with the growing
shear layer. The collapse of the normalized Tpp values for di�erent Mj ’s also supports this view. Beyond
x � 6D, the Tpp values depart from the initial linear behavior. This may be linked to the merger of the
annular shear layer at the end of the potential core which causes distinct changes in the dynamics. For one
thing, the centerline velocity starts to decrease beyond this point, which invalidates the scaling of Tpp with
the constant Uj .

The above rationalization is hindered by the divergence of the Tpp values between the D1 and D1:5 jets
in Figure 8(b). Although the values are very similar at x = 2D (also noticeable in Figure 7(b)), they di�er
by a factor of two near the end of the potential core at x = 6D. This di�erence in behavior is also visible
in Figure 8(a). Figure 4 has indicated that the time period (1=Stmax

D ) corresponding to the spectral peak in
unforced jets increases linearly with axial distance downstream. Moreover, the results for all the operating
conditions were well collapsed with the standard normalizations. Although not directly comparable, the
peak spectral periodicity in unforced jets and the Tpp in the wave component of the impulse response both
reect on the typical size of the large-scale structures in the respective cases. The collapse observed in
Figure 4 vis-a-vis the divergence of the response seen in Figure 8(b) means that the impulse response cannot
be directly linked to the behavior of the unforced jet.

Compared to the D1:5 nozzle, the D1 nozzle has 1.5 times greater density of LAFPAs around the pe-
riphery, and the individual LAFPAs are also expected to create stronger perturbations owing to the greater
electrode tip separation. Thus, a possible explanation for the aforementioned divergence of the Tpp values is
that the increased relative azimuthal extent of the seeded LSS in D1 is leading to their greater coalescence.
Through self-inductance, this is expected to increase their size. This argument must be tempered by the
stronger amplitude response observed with the D1:5 nozzle in Figure 5. Full-�eld data (ow visualization or
PIV) for the D1:5 nozzle, which has not been acquired as yet, may assist in resolving this issue.
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(a) Frequency response (b) Frequency response by superposition of fundamental

Figure 9. Wave component of NFP response of Mj = 0:9, D1:5 jet at x = 2D.

2. Harmonic Response

The foregoing phase-averaging analysis has shown that the impulse response of the jet is indicative of LSS
generation. The harmonic response is now studied by employing a range of forcing frequencies covering the
characteristic frequencies of the jet. Figure 9(a) depicts the wave response of the NFP in the Mach 0.9 D1:5
jet at x = 2D for some salient StDF ’s. The StDF = 0:07 corresponds to 520 Hz at this operating condition,
and the resulting ~p is indistinguishable from the 250 Hz case presented in Figure 7(b). The fundamental
response is seen to remain unchanged even at StDF = 0:23. The periodicity only results in more pulses being
captured within the averaging window. However, the actuator self-noise of the succeeding pulse is starting to
encroach on the hydrodynamic uctuation. Increasing StDF to 0.36 results in an almost sinusoidal response,
but the fundamental pulse shape still remains unchanged. The pulse fall-o�s have sharpened at the higher
StDF of 0.50, although the peak-to-peak time, Tpp, as well as the amplitude, have not been signi�cantly
a�ected. Focusing on TUj=D � 2 clari�es that the succeeding self-noise is now at the peak compression
instant. By StDF = 0:60, distinct reductions in both Tpp and the amplitude are observed.

Figure 9(b) investigates the linearity of the response using the following superposition operation:

1. Assume that the wave component of response for StDF = 0:03 is the fundamental response, and denote
the corresponding forcing frequency as fF;0. De�ne the fundamental response in the following manner:

~p0 (T ) :=

(
~p (T ; fF;0) ; if T 0 � T � T 0 + 1=fF;0;

0; otherwise:
(4)

In the above de�nition, T 0 is arbitrary. This is the true impulse response for fF;0 ! 0.

2. For a given forcing frequency fF > fF;0, shift the fundamental response by 1=fF and add the result to
the original.

3. Repeat the above step with enough positive and negative integer multiples of 1=fF so that the original
phase-averaging window is fully covered.

Mathematically, the approximate wave component of response at fF through superposition is

~p (T ; fF ) �
1X

n=�1
~p0 (T + n=fF ) : (5)

Figure 9(b) demonstrates that the result of the above superposition closely resembles the actual wave
component of response at StDF = 0:35. This indicates that the seeded LSS in the ow are interacting quasi-
linearly with the succeeding LSS in the wave train at low StDF ’s. This superposition e�ect was replicated
for all the forcing cases shown in Figure 9(a).

The next step is the quanti�cation of the variation of the temporal persistence parameter, Tpp, of the wave
response with StDF . The ~p response curves are not very smooth owing to the superposition of the actuator
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(a) x = 2D (b) x = 4D

Figure 10. Time between the positive and negative peaks of the wave component of NFP response.

(a) D1 jet (b) D1:5 jet

Figure 11. Comparison of mean-square pressure at x = 2D in Mj = 0:9 jet obtained by various methods.

self-noise. Wavelet �ltering is performed to smooth the curves while maintaining its compact shape.39,40 The
4th order Paul wavelet was chosen as the mother since its imaginary part resembles the impulse response, and
wavelets with amplitude less than 25% of the maximum amplitude were rejected prior to the reconstruction.
The results presented here are quite insensitive to the precise threshold, since a �rst-order parameter is being
extracted. This �ltering removed the jitters in the ~p curves while preserving the overall shape.

Values of Tpp determined from the wavelet-�ltered harmonic responses are plotted in Figure 10(a) for the
sensor at x = 2D. The initial atness of the curves reects the invariant nature of the fundamental response
at these low StDF ’s. Moreover, as expected from Figure 7(b), the values of TppUj=D are very close over
the tested range of Mj ’s and D’s. Beyond a certain shoulder in the curves, there is a gradual fall-o�. In
a re-plotting of these curves with 2(TppUj=D)StDF on the ordinate (not shown here), these regions of the
curves were found to be quite at at unity. Thus, the response is essentially sinusoidal over this range of
StDF ’s, with Tpp � 0:5=fF . Beyond this range, the wave component of response becomes too uncertain to
reliably determine Tpp.

Figure 10(b) demonstrates that the Tpp curves for the x = 4D station have a similar behavior, except
in the two aspects that were observed in Figure 8(b). Firstly, the constant Tpp value at the lowest StDF ’s
is increased. The decay portions of the curves are universal as explained for Figure 10(a) above. Thus, the
increase in the initial Tpp brings the shoulders of the curves to lower StDF ’s. The other aspect is the distinct
divergence of the scaled initial Tpp’s between D1 and D1:5.

The amplitude response of the forced jet, is now revisited with the perspective gained above. Figure 11
shows the mean-square of the un�ltered pressure in the D1 and D1:5 Mj = 0:9 jets at x = 2D. These were
already presented in Figure 5, so that their mutual di�erences will not be revisited. The mean-square NFP
in the unforced jet is shown too. The mean-square is also calculated from the wave component of pressure
signals, taking care to truncate the calculation to one forcing period exactly. This amounts to a narrow-
band �ltering of the pressure signal to extract just the forcing tone. For StDF . 0:2, the di�erence between
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the un�ltered pMS and the phase-averaged pMS in any forcing case is almost equal to the pMS measured in
the unforced jet. This implies that there is very little broadband spectral change, and the forcing e�ect
is concentrated at the forcing frequency. Another way of saying this is that the response is almost linear
for these low frequencies. The discrepancy is more signi�cant at the higher frequencies, implicating higher
broadband and/or harmonic content of forcing response.

In the discussion regarding Figure 9(b), it was established that the periodic linear superposition of the
wave component of response at a low frequency yields a good approximation of a higher frequency signature.
Pursuing this idea, the superposition was performed over the range of StDF ’s, and the mean-square computed
from these is overlaid in Figure 11. As expected, the match with the wave component of response is very
good at low-frequencies, furthering the hypothesis of linearity. At frequencies near the peak response and
beyond, the discrepancy is more pronounced.

The constancy of the peak-to-peak time, Tpp, at the lower frequencies in Figure 10 was understood to
signify the lack of interaction between the periodically seeded structures. This conjecture can be further
evaluated in the following manner. The ~p for the lowest frequency has compact support within one forcing
period. Then, assuming independent addition of successive structures all with the same compact signature,
the mean-square pressure should be directly proportional to the forcing frequency. This trend is indicated
in Figure 11, and it is indeed seen to model the NFP response well up to StDF � 0:15.

Structure interaction begins beyond this forcing frequency, so that independent addition is an incorrect
model. Figures 9(a) and 10 reveal that the interaction does not modify Tpp or the peak amplitudes initially.
Instead, the relaxation of the pressure �eld is hastened primarily. Consequently, the mean-square pressure
keeps on increasing with increasing StDF . However, this monotonic trend is arrested once Tpp starts to
decrease, the shoulder StDF being about 0.25 (see Figure 10). Figure 9(a) shows that the slope of the fall
from the positive peak to the negative one remains unchanged to much higher frequencies. Thus, the decrease
in Tpp is indicative of a reduction in the amplitude of the peaks of the wave component of signature. An
intuitive understanding is that the neighboring structures inhibit each other’s growth.

Many earlier experiments have observed the existence of an optimum frequency for mixing enhance-
ment.3,6, 10,41 This has been explained as a resonance with the jet column mode, which, in turn, is taken
to imply the natural frequency of the undulation of the jet column or potential core. In this research, the
observations in the phase-averaged near-�eld pressure response a�ord another perspective on this behavior
based on interactions of the periodically seeded structures. It must be noted though that Ref. 42 has pre-
viously proposed an explanation of the jet column mode in terms of the inectional instability of the initial
shear layer at the nozzle exit, and the present �ndings support that view.

V. Discussion and Conclusion

The near-�eld pressure has been probed to investigate the response of subsonic jets to forcing with
localized arc �lament plasma actuators (LAFPAs). These actuators have demonstrated superior control
authority on high-speed turbulent jets over a wide range of practical operating conditions. Four subsonic
Mach numbers (Mj = 0:80 to 0.95) and two di�erent nozzle exit diameters (D = 25:4 mm and 38.1 mm)
are investigated to discern scaling laws for the response of the jet. The arc breakdown imparts an impulsive
perturbation to the ow each time an actuator is switched on. Eight LAFPAs uniformly arrayed around the
periphery of the nozzle exit are operated in phase to simulate axisymmetric forcing. Phase-averaging of the
pressure signal with respect to the actuator signal has been leveraged to separate the relevant features of the
response from the background turbulence. Although the LAFPA switching is periodic, the forcing regime is
conveniently categorized as either impulse or harmonic depending on the frequency.

At forcing Strouhal numbers less than 0.1, the phase-averaged pressure signature displays a compact
sinusoidal wave with one positive excursion preceding one negative excursion. Scaling of the parameters
of this wave with the nozzle exit velocity indicates that this response is hydrodynamic. There is a second
compact wave in the phase-averaged pressure signature { but this is much smaller in amplitude, decreases
rapidly with downstream distance from the nozzle, and is determined to be the actuator noise traveling
with the ambient speed of sound. Since the time scale of the hydrodynamic response is much shorter than
the forcing period employed to generate it, this is deemed the impulse response. The conclusion is that
each actuator impulse is creating a ow perturbation which extracts energy from the ow to develop into a
large scale structure. The negative peak in the near-�eld pressure is associated with the core of the seeded
structure and the positive excursion is the compressive front leading it. Owing to the impulsive nature of the
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actuator, this appears to be a very robust and reliable method of generating a single structure with precise
timing in the highly turbulent ow.

The time scale of the compact impulse response observed at an axial station increases with its downstream
distance from the nozzle exit. This is indicative of a growing structure. At a given station, the character of the
impulse response is unchanged for all forcing frequencies as long as the corresponding forcing period is longer
than local time of persistence. In other words, for forcing frequencies below a certain threshold each seeded
structure evolves and convects without interacting with its predecessor or successor. The threshold frequency
is inversely proportional to the downstream distance of the measurement station. Owing to the independent
evolution of the structures in this forcing regime, the mean-square pressure measured is directly proportional
to the forcing frequency. Beyond this frequency threshold, the phase-averaged pressure signature must be
termed the harmonic response as the structures interact with each other, the e�ect being discernible in the
modi�cation of the response wave shape.

The structure interaction initially manifests in a sinusoidal phase-averaged pressure signature where
the relaxation associated with a structure passage is immediately followed by the compression leading the
succeeding structure. As forcing frequency increases, the pressure fall from the positive peak to the negative
peak remains unchanged, their amplitudes also remain una�ected, but the succeeding pressure rise is sharper.
Thus, the mean-square pressure, although still increasing, starts to deviate from the linear increase with
forcing frequency. However, the structure interaction appears to be quasi-linear { the wave shape can be
reconstructed reasonably accurately by linear superposition of the fundamental impulse response with the
forcing periodicity. This is a novel result.

The trend of increasing mean-square pressure response with forcing Strouhal number is reversed beyond
a certain value that depends on the observer location. For example, the peak response is observed with
approximate Strouhal numbers of 0.35 and 0.2 respectively at 2D and 4D downstream of the nozzle exit.
Looking to the phase-averaged pressure response, the change is discernible in the reduced amplitudes of the
positive and negative peaks. The resulting wave shape is also predicted well by the linear superposition.
Intuitively, a structure’s natural development through extraction of energy from the sheared mean ow
is being arrested by the competing structure that is succeeding it closely. Although the actual mean-
square pressure vs. forcing Strouhal number curve is not exactly replicated by the one reconstructed from
linear superposition of the fundamental response, the discrepancies are not large. This implies that the
nonlinear e�ects of forcing, discernible as harmonics of the forcing tone and broadband increase in the
pressure spectrum,12 are relatively minor. The foregoing discussion o�ers a new perspective on the jet
column mode instability that is invoked to explain the peak in the jet forcing response at an approximate
Strouhal number of 0.3.

Our previous investigations have established that at high enough forcing Strouhal numbers, the mean-
square near-�eld pressure decreases below that observed in the unforced jet, paralleling the signi�cant miti-
gation of the far-�eld noise. This bene�t of LAFPA application is of urgent practical interest to the aviation
community. However, the phase-averaging technique pursued here is inappropriate for studying this impor-
tant forcing regime. Beyond a certain forcing Strouhal number (� 0:5 at 4D downstream), the wave response
becomes statistically uncertain.

The pressure response collapsed well with appropriate scaling for the investigated Mach numbers. How-
ever, the collapse for the two nozzle exit diameters was not satisfactory. In fact, the two jets displayed
signi�cantly di�erent linear axial growth rates of the persistence time of the impulse wave response. On the
other hand, the inverse-linear axial decrease of the spectral peak frequency for the unforced jets were well
collapsed for all operating conditions. In the absence of ow �eld data for the larger nozzle, no satisfactory
explanation can be proposed for this disparity of behavior. At the most upstream measurement location
(2D from the nozzle exit), the persistence time of the compact impulse wave response is not too dissimilar
from the spectral peak periodicity in the corresponding unforced cases. However, owing to the disparity
mentioned above, this simple connection between the unforced and forced jet behaviors is not maintained
further downstream.

In summary, the impulse and harmonic response of turbulent jets has been studied using LAFPAs.
Important insight is gleaned regarding the quasi-linearity of the near-�eld pressure response as well as
interactions of the seeded structures. In particular, the peak response characterizing the jet column mode
is explained using structure interaction. There are intriguing possibilities regarding the connection of the
natural jet behavior and the response to the impulsive forcing with the LAFPAs. However, more ow �eld
investigation is needed to resolve the di�erences in the behavior of jets formed by two nozzles with di�erent
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exit diameters.
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