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Acoustic Study of B Helical Mode for Choked
Axisymmetric Nozzle

Michael K. Ponton* and John M. Seiner®
NASA Langley Research Center, Hampton, Virginia 23681

An acoustic near-field study was performed for an axisymmetric conical convergent nozzle operating at a pressure
ratio corresponding to a fully expanded Mach number of 1.3. The acoustic measurements were performed in the
nozzle exit plane using multiple sensors arranged around the periphery of the nozzle. The acquired data were
simultaneously digitized. The acoustic spatial characteristics, describing the large-scale structure associated with
the preferred shear layer instability mode, were determined for the dominant B screech mode. The nozzle was
fitted with a lip thickening device to determine the effect of this geometric variable on the spatial structure of the
jet. For the thin-lipped configuration, the flapping structure of the B screech mode was found to precess in a time-
dependent manner about the jet axis. Increasing of the nozzle exit lip thickness altered the spatial characteristics of
this mode from a flapping to a time-dependent flapping or spinning. Using the autobicoherence spectrum, frequency
dependencies were found to exist in the acoustic data of the thick-lipped configuration. These dependencies may
be related to the nonlinearity of the jet and/or the time-dependent nature of the B mode spatial structure.

Introduction

HE classical approach in understanding a turbulent flow con-
sists of modeling the flow as the summation of random tur-

bulent instabilities and an average or mean flow."? These random
fluctuations may grow temporally or spatially.> Recent experimen-
tal work*> suggests that, in addition to the random fluctuations and
the mean flow, free shear flows may contain organized wavelike
structures which may be deterministic. These organized preferred
instability modes are referred to as large-scale structures because
they exhibit spatial magnitudes of orders near that of the mean flow.
They are also referred to as instability waves because of their local
wavelike characteristics.®

The study of large-scale structures”® and their relationship to
noise generation®!? has special significance if one is attempting
to understand fluid dynamic properties based on acoustic measure-
ments. Using acoustic and optical measurements, Powell!! surmised
that plume resonance (which causes an intense narrow-band acous-
tic emission referred to as jet screech) was caused by a feedback
process. In his model, an embryo disturbance is shed at the noz-
zle exit and is amplified as it convects downstream. Interaction of
the shock cells with this disturbance causes them to oscillate and
produce sound. This sound then propagates upstream outside of the
plume and creates new embryonic disturbances at the orifice, which
closes the feedback loop. The relationship of screech to large-scale
structures using linear spatial stability theory was first introduced
by Tam et al.!°

Full-scale studies'? have shown significant acoustic energy as-
sociated with this noise mechanism causing, in some cases, sonic
fatigue of airborne structures.'® Because no known aircraft utilizes
nozzles that produce shock-free flows, accounting for the presence
of this noise mechanism may be important in the design of a high-
speed civil transport.* In an attempt to understand the nature of
supersonic flows, much acoustic work has been performed for ax-
isymmetric nozzle flows.!>~17

The spatial structure of large-scale instabilities has been stud-
ied extensively using schlieren methods!'®~2! as well as two-point
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acoustic measurements.?%?? Unfortunately, the interpretation of az-
imuthally varying structures by the use of measurements in planes
orthogonal to the nozzle exit plane is, of course, difficult.

Recent work® utilizing a circular microphone array in the exit
plane of a round Mach 2 jet provided insight into the azimuthal vari-
ation of the near-field acoustic pressure associated with the preferred
instability mode as manifest in the jet screech. The data presented
in the current paper are the result of research on supersonic freejets
emanating from an axisymmetric nozzle employing this technique.
The technique has been substantially improved by application of
new more efficient signal processing equipment and higher order
spectral analysis methods. With the improved methods for signal ac-
quisition and advances in high-order spectral processing (namely,
the bispectrum), additional insight into the characteristics of pre-
ferred instability modes can be achieved.

Background

The dominant instability modes in supersonic freejet shear layers
have been generally categorized in a simple manner: axisymmetric
(or toroidal), spinning (single helix), and flapping (double helix).
Past schlieren work!®?* has indicated the B screech mode as be-
ing helical in nature (whether this mode is spinning or flapping is
indeterminate by this optical technique alone). If one were to mea-
sure the instantaneous azimuthal pressure distribution about the jet
axis created independently by the spinning and flapping modes,
distributions as shown in Fig. 1 would be the result. Note that the
distributions of Fig. 1 are computer generated models and are not
actual measured results.

Figure 1a provides a pressure description of the spinning mode.
This mode consists of an equal (azimuthally independent) amplitude
pressure wave whose phase is azimuthally dependent. The instan-
taneous pressure distribution exhibits a spatial structure of period
2p. This precessing of pressure about the jet axis is described as
helical (single helix). Note that Fig. 1a could have also been plotted
as a precession in the opposite direction. If two equal amplitude,
oppositely rotating helical structures coexist, the result is the flap-
ping mode (Fig. 1b). This figure shows the pressure as azimuthally
dependent where mean square pressure maximums and minimums
are orthogonal. Also notice that the phase is constant in 180-deg
regions separated by the pressure minimums (nulls), and the phase
shift between these regions is equivalent to one-half the period of
the wave.

Figure 1 represents a qualitative means by which dominant shear
layer instabilities are typically described. However, it should be
remembered that these spatial descriptions are merely models which
aid in understanding the large-scale instantaneous flow physics. This
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Fig. 1 Azimuthal pressure variations of different large scale struc-
tures: a) spinning structure and b) flapping structure.

set of models is not assumed to be complete (other modes may exist).
Further, the fluctuating pressure is not, in reality, deterministic in
space or time.

The frequency of jet screech and that for the most highly ampli-
fied instability wave are the same.?* Thus, some understanding of
the multimodal characteristics of large coherent structures may be
gained by acoustic measurements. Ponton and Seiner® presented the
wavelength of jet screech (normalized by the nozzle exit diameter)
gathered from long duration spectral averages as a function of the
fully expanded jet Mach number from near-field acoustic measure-
ments of the round nozzle used for the current investigation. Screech
is a multimodal phenomenon which undergoes discrete wavelength
changes through a progression of operating pressures. This paper
will focus on the B helical mode which has been shown® acousti-
cally to be the dominant mode at Mj = 1.3. Ponton and Seiner®
presented spectral changes in the B mode associated with lip thick-
ness alterations; this paper will identify changes in the spatial char-
acteristics for this mode.

Experimental Approach

The experiment was conducted in the Anechoic Noise Facility?
at the NASA Langley Research Center. The interior dimensions
of the facility within the wedge tips are 27.5 x 27 x 24 ft high.
This anechoic treatment absorbs at least 99% of incident sound at
frequencies greater than 100 Hz. The air system is capable of sup-
plying continuous dry unheated air at mass flow rates of 10 Ib/s and
at maximum stagnation pressures of 255 psig (muffler system limit).
Electronically controlled valves maintain nozzle pressure ratios to
within 0.3% of the set point. All pressure transducers used in the
flow control system received daily calibration.
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Fig.2 Microphone positions abeut the nozzle periphery.
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The axisymmetric nozzle assembly consisted of a contoured tran-
sition section connecting a 7.875 in. i.d. supply air pipe to a 1.500-in.
i.d. pipe, which then led to the nozzle. The 1.500-in. straight section
was 26.01 in. long with an outside diameter of 2.250 in. The length
of this assembly was selected to minimize acoustic reflections from
the flange and interference to the jet entrainment. The nozzle was
convergent and conical (5-deg convergence angle) with an exhaust
diameter of 1.000 in. and an exit lip thickness of 0.015 in. A high-
precision collar was fabricated which, when placed over the nozzle
exit, would increase the nozzle exit lip thickness to 0.625 in. This
external geometry alteration has been shown? to affect the plume’s
preferred mode of instability.

In the nozzle exit plane, spaced at 30-deg intervals, 10 1/4-in.-
diam. microphones were placed (Fig. 2). No protective grid cap
was used during data recording. Phase matching through the system
(excluding transducer diaphragms) was checked using white noise
input up to 40 kHz. The data were bandpass filtered from 100 Hz
to 20 kHz and then digitized using 10 channels of 12-bit analog-
to-digital converters sampling at 125 kHz; 131072 data points per
channel were stored.

Experimental Results

0.015-in. Exit Lip Thickness

At Mj = 1.30, the preferred instability mode is the B mode,
as indicated by the dominant narrow-band process at 5.127 kHz
for the microphone 1 spectrum at R/D = 2 (Fig. 3). Figure 4
contains the time trace for the first millisecond of acoustic pressure
data. (The amplitude is the microphone output, in volts, normalized
by the output voltage for a fixed calibration pressure input; thus,
normalized voltage is linearly related to acoustic pressure.) The
similarity between this figure and Fig. 1b indicates the presence
of a jet flapping mode. Note the low-amplitude waves at opposite
positions of the jet (f = 60 and 240 deg) and the phase shift in
regions separated by these near nulls equal to one-half the period
of the screech frequency (see plotted vertical lines). The shape of
these pressure waves deviates from a pure sinusoidal wave due to
the presence of strong harmonics (Fig. 3). The flapping plane is
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Fig.5 Time traces for different 1-ms time intervals: a) Ty = 0.25sand
b) Ty = 0.50 s.

defined as the plane which encompasses the dominant motion of the
jet; thus, for Fig. 4 the flapping plane can be defined using the jet
axis and microphone 6.

Figures 5a and 5b are 1-ms time records 1/4 and 1/2 s later than
those of Fig. 4, respectively. The (near) null position in Fig. 5a is
now f = 150 deg whereas in Fig. 5b it is 90 and 270 deg. This
indicates that the orientation of the flapping plane is a function of
time.

To better observe this variability, longer time records are pre-
sented (Figs. 6a and 6b). The first 50 ms of the time record (Fig. 6a)
indicates no large changes in flapping direction, but 250 ms later
(Fig. 6b) large changes are observed. This periodic motion seen in
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Fig. 6 Time traces for different 50-ms time intervals: a) Ty = 0.00 s
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Fig. 7 Phase change due to a rotation of the flapping structure.

Figure 6b is hypothesized as being a rotation of the flapping structure
about the jet axis.

Establishing the existence of such a rotation involved the follow-
ing reasoning. If two sensors (closed circles on Fig. 7) are located
on the same side of the null line (this line is perpendicular to the
flapping plane), then their respective fluctuating pressures are in
phase (left side of Fig. 7). If now the flapping plane rotates, the
pressure null at some time can then be positioned between the sen-
sors, and thus their respective pressure will be out of phase (right
side of Fig. 7). This reasoning was applied to the data for the time
interval from 282 to 294 ms where it is observed in Fig. 6b that the
microphone 4 data contain an amplitude minimum at approximately
288 ms and the microphone 1 data contain no significant amplitude
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Fig. 8 Identified phase change for microphone measurements indicat-
ing a rotating flapping structure.
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Fig. 9 Mean square pressure variation at R/D = 2,

deviations and thus should be of constant phase within this interval.
Figure 8 is a plot of this time interval. As is shown by the vertical
lines, prior to the microphone 4 pressure minimum, the two signals
are in phase; following the minimum, they are out of phase. If this
reasoning is correct, this is an indication of a rotation of the flapping
structure.

The method employed to describe the amplitude variation with
azimuthal position as well as with time is to plot the mean square
amplitude where averaging was performed over 5-ms blocks over a
total time interval of 1 s. Thus the mean square amplitude from 0
to 0.005 s is plotted at 0.005 s (on the abscissa), the mean square
amplitude from 0.005 to 0.010 s is plotted at 0.010 s, and so on.

The mean square amplitude variation is presented in Fig. 9.
Because the azimuthal pressure maximums and minimums have
distinct orientations (i.e., orthogonal), this plot should lend insight
into the nature of this rotating behavior. As is shown in this figure,
the time interval of rapid rotation occurs between 0.1 and 0.4 s.
Note that these block averages are over 5 ms, which should be suf-
ficiently small when compared to the period of this rapid rotating
action as shown in Fig. 6b. This rotating action appears random over
the interval plotted in Fig. 9.

The slope of a line of constant phase will be an indicator of the
direction of this rotating motion. The line plotted on Fig. 9 would
indicate the rotating motion to be counterclockwise when viewing
upstream toward the nozzle exit (see Fig. 2). The data collected at
R/D = 4 (Fig. 10) indicate that this rotation direction is not unique.
(R/D = 4 data were used to note the nonuniqueness of the rotation
direction because the time record for the R/D = 2 data did not
contain a direction reversal; however, it is anticipated that such a
direction reversal would be identified for a measurement location
of R/D = 2 if additional data would have been collected.) Note
the change of direction from counterclockwise to clockwise at ap-
proximately the 0.25 s block in Fig. 10. Also notice that the rotation
frequency appears to increase from 0.25 to 0.72 s and then to de-
crease after 0.72 s, as indicated by the time interval between mean
square pressure maximums. Although the B mode is essentially a
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Fig. 10 Mean square pressure variation at R/D = 4.

flapping mode, a seemingly random rotation of the flapping orien-
tation is observed to exist. The time period of this random rotation
is seen to be as much as two orders of magnitude greater than the
screech period.

0.625-in. Exit Lip Thickness

Presented in Fig. 11 are various 1-ms time records for the 0.625-lip
thickness nozzle operating at Mj = 1.30 where the dominant insta-
bility mode is the B mode. Initially (Figs. 11a and 11b), the pressure
distribution is indicative of a flapping structure as previously char-
acterized. But now notice that after a short time interval (Figs. 11c
and 11d) the pressure amplitude is better represented by a spinning
wave (see Fig. 1a). Figure 11e indicates a return of the flapping struc-
ture and Figs. 11e—11g show a flapping-spinning-flapping transition
of structures over a 1/4-s interval. This behavior was not observed
for the thin-lipped configuration. Thus, at this Mach number, the
increase in exit lip thickness has altered the characteristics of the
plume’s preferred instability mode. Figure 12 presents the mean
square amplitude variation for this operating condition. From this
plot, time periods of rapid mean square oscillations for all micro-
phone channels are seen in the intervals of (approximately) 0-0.12 s,
0.65-0.78 s, and 0.98-1.00 s. Interestingly, during these intervals,
the azimuthal pressure distribution is more characteristic of a flap-
ping structure (Figs. 11a, 11b, 11e, and 11g), whereas less oscilla-
tory mean square intervals are seen to behave more like spinning
modes (Figs. 11c, 11d, and 11f). Because analysis of the entire time
interval recorded is difficult (due to its magnitude), it would be pre-
mature to assume that an oscillatory mean square distribution (for
this operating condition and nozzle configuration) is a concomitant
to a flapping mode.

If a 150-ms time interval is plotted (Fig. 13), one can identify re-
gions where phase reversal (indicative of a slowly rotating flapping
structure) may occur. Such a region is plotted in Fig. 14 where a
phase change is observed to occur through microphone 4’s pressure
minimum (at approximately 87 ms) when compared to an unvary-
ing phase reference (microphone 1), as noted by the vertical lines.
This suggests that when the large-scale structure is flapping, a ro-
tation about the jet axis also occurs, as was seen for the thin-lipped
configuration.

Using wave modeling analysis, a distinction can be made between
arotating flapping structure and a time-dependent flapping/spinning
structure. Recall that a flapping mode is modeled as the summa-
tion of two equal amplitude but oppositely rotating helices. If the
amplitude of one of the helical structures varies with time, then the
azimuthal pressure distribution would also change its characteristics
from flapping to spinning (or vice-versa) in the limiting cases, i.e.,
those cases where both amplitudes are equal (flapping) or when one
amplitude is zero (spinning). Nonlimiting cases would give a pres-
sure distribution whose characteristics would not be a perfect spin-
ning or flapping motion. However, this amplitude mismatch (i.e.,
different nonzero amplitude oppositely rotating helices) would not
cause a variance in the azimuthal angle at which the mean square
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pressure wave is a minimum. As is evident in Figs. 5 and 11, the
azimuthal angle of minimum pressure amplitude varies with time. A
possible cause of such an effect would be an alteration in the phase
difference between the two oppositely rotating helices. Thus, in sum-
mary, a time dependent flapping/spinning structure (thick-lipped B
mode) can be caused by variance in time of the amplitudes of two
oppositely rotating helical structures; a time dependence in the az-
imuthal orientation of pressure minimums (i.e., the rotating flapping
structure seen for both lip thicknesses tested) may be attributed to
a variance in time of the phase difference between the two helical
structures. The distinction should be noted that a rotation of the
large-scale flapping structure and a spinning structure are presumed
to be different phenomena.

Bispectral Analysis

Figure 15 is a spectral comparison between the thick- and thin-
lipped nozzle configurations (64 averages, record length 16.384
ms). As is evident, the frequency of the dominant mode has de-
creased from (approximately) 5.1 kHz to 5 kHz when the exit lip
thickness is increased. This behavior was observed by previous
research® and could be the result of a change in the plume’s most
amplified (preferred) instability wave and/or the convection velocity.
There is also an increase in amplitude between 7 and 7.5 kHz for
the thick-lipped nozzle spectrum. Recall that the time-dependent
flapping/spinning behavior for the thick-lipped nozzle was ex-
plained by time-dependent amplitude changes in two oppositely
rotating helical structures. Thus, the additional spectral components
seen for the thick-lipped model may indicate a nonlinear interaction
between the dominant large-scale structure (B mode) and additional
shear layer structures which could explain the aforementioned am-
plitude modulations. To determine if nonlinearities are present in
the acoustic measurements, a bispectral analysis was performed on
the data.
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If we model the measured fluctuating pressure time record at a
point in space with the Fourier representation

p@t) = / P(f)e I df

(o)

where P(f,) is the complex Fourier amplitude at frequency f.;
then the wave coupling of frequencies f; and f; with f,,, where
fm = fi + fi (note that in the second harmonic case f; = f;), can
be identified using the autobicoherence spectrum?’

|B(fi, fOF
E[|P.P ] - E[IP.I?]

where E[] is the expectation operation, and B(f%, fi) is the auto-
bispectrum defined as

bz(fk! fl) =

B(f, fi) = E[P. PP}, m=k+1

Note that the bispectrum was developed for nonlinear, stationary
random processes. As indicated by the time dependence of the mean
square pressure, the measured data indicate a nonstationary process.
Thus, the use of the bispectral analysis requires some justification.

If X(¢) is a mean zero process (such as the measured acoustic
signals), i.e., ,

E[X(H]=0 1)

then the expected value of the Fourier transform of the signal X ()
can be given by
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and g) Ty = 1.00s.
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from relation (1). Now consider the triple spectral correlation
E[X(fOX(X* ()]

for a nonstationary, mean zero process. If X(f1), X (f2), and X (f3)
are independent (and therefore uncorrelated), then

EX(f X ()X ()] = (I)i[X(fl)]E[X(fz)]E[X*(fz)]

from relation (2). If X (f1), X(f>), and X (f;) are dependent, then
EX(fX(LX(fH1#£0

in general.”® Thus, the computation of the bispectrum in this paper
is not an assumption of stationarity but rather is used as an indicator
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Fig.16 Squared autobicoherence spectrum for the microphone 1 mea-
surement, R /D = 2, of the 0.625-in. lip thickness.

of the dependence of three spectral components whose frequencies
satisfy the selection criteria f3 = fi + fo.

Nonlinear wave-wave interactions result in the formation of new
spectral components which are phase coherent (a phase relation-
ship between independently excited modes would not be expected).
These nonlinear interactions encompass not only quadratic interac-
tions (fw = fi+fi, fv # fi)and harmonic generation (f,, = 2x f;)
but also more complex interactions of unknown nature. In the lim-
iting case where only three power spectral components f|, f>, and
f> are present and the only nonlinear interaction is quadratic (cre-
ating f3 = f| + f,). the autobicoherence would be an indicator
of the fraction of power of the f; wave due to the coupling of
the f; and f, waves. However, because of the possibility of more
complex nonlinear interactions (for example, f; = fi + f> + f3),
the autobicoherence, in general, is not a fractional power measure
but an indicator of phase coherence between nonlinearly coupled
waves.?’

Figure 16 presents the squared autobicoherence spectrum of
the microphone 1 data for the thick-lipped nozzle operating at
Mj = 1.30. The minimum value plotted is 0.1 (minimum auto-
bicoherence level of 32%) and the spectral resolution is 178.6 Hz
where 128 averages were performed (record length 5.6 ms). The
diagonal lines are lines of constant f3 = f; + f> which corresponds
to the selection criteria of the bispectrum. Locations of high auto-
bicoherence indicated by the dark regions signify three frequencies
(1. f2. f3) which have a nonlinear relationship as manifest by their
phase coupling. For example, the upper diagonal line represents
f3 = 12.5 kHz. The dark region on this line has an f; value of
7.5 kHz and an £, value of 5.0 kHz. This indicates a nonlinear rela-
tionship between the 5.0, 7.5, and 12.5 frequency components. Also
evident on this figure is a nonlinear interaction between the 5.0, 7.0,
and 12.0 frequencies. Although not presented, a similar bispectral
analysis for the thin-lipped configuration did not reveal the presence
of similar nonlinearities as seen for the thick-lipped nozzle. These
additional nonlinear interactions for the 0.625-in. exit lip thickness
may indicate an energy transference between various flow struc-
tures which could be related to an amplitude modulation of the two
oppositely rotating helical structures. As previously discussed, this
could cause the observed time-dependent flapping/spinning charac-
teristics for this nozzle configuration.

Concluding Remarks

The objective of this research was to gain further insight into the
spatial characteristics of dominant large-scale structures associated
with supersonic axisymmetric flows. In particular, this paper has
presented data on the B helical instability mode for an underex-
panded conical nozzle utilizing two exit lip thicknesses.

The data indicate that for the thin-lipped nozzle, the B mode is
a flapping mode which precesses about the jet axis in a seemingly

random fashion. For a flapping structure modeled as two equal am-
plitude, oppositely rotating helical structures, this behavior may
be a time dependence in the relative phasing between the two he-
lices.

For the thick-lipped configuration, the B mode becomes a time-
dependent flapping/spinning structure. This structure may be due to
a time dependence of the amplitudes corresponding to the two oppo-
sitely rotating helices. A bispectral analysis revealed additional non-
linear interactions associated with the thick-lipped geometry which
may account for the proposed amplitude modulations. New models
that account for the observed nonlinearities are needed to accurately
predict the acoustic field generated by the large-scale structures.

It should be remembered that the aerodynamic conclusions made
are based on acoustic measurements and not on in-flow dynamic
measurements. These latter measurements, although difficult to per-
form, should be a future goal to determine if the observed nonlin-
earities are fluid structure interactions or are the result of nonlinear
propagation effects through the ambient medium.
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