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Abstract: Broadband shock-associated noise (BBSAN) is a prominent
noise component from nonideally expanded jets in the forward and sideline directions. BBSAN from laboratory-scale jets has been studied
extensively, and spatial trends in BBSAN spectral peak characteristics—frequency, level, and width—have been established. These
laboratory-scale trends are compared to those for BBSAN from a tieddown F-35B operated at four engine conditions. While the peak frequency varies as expected, both spatially and across engine condition,
the peak level and width do not, pointing to the need for additional
research into BBSAN for high-performance military aircraft.
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1. Introduction
The noise levels from high-performance military aircraft are a concern for communities near airbases, pilots, maintainers, and other personnel working with these aircraft. Therefore, models are being developed to appropriately predict the sound field
of military aircraft. One important noise component is broadband shock-associated
noise (BBSAN), which is prominent in the forward and sideline directions, as shown
in Fig. 1. BBSAN was first studied by Harper-Bourne and Fisher1 and has been primarily analyzed in laboratory-scale jets,2–11 including a large series of tests at NASA
Langley Research Center.5,6 Only recently has BBSAN been investigated for a few
locations near a tied-down, high-performance military aircraft operating at afterburner.12 In this letter, a detailed analysis is presented of the spatial variation in
BBSAN for a tied-down F-35B at different engine powers to explore if BBSAN from
an installed high-performance aircraft engine exhibits the same features as in
laboratory-scale jet noise studies.
There are two components of shock-associated noise in nonideally expanded
supersonic jets: screech tones and BBSAN. Screech tones are harmonically related discrete tones that originate from an acoustic feedback loop between the first shock cell
and the engine.1 Screech tones are strong in underexpanded jet flow, while overexpanded jet flow—the case for an engine of a tied-down high-performance military aircraft—is essentially screech-free.13 Present in both under and overexpanded jets,
BBSAN originates from the weak interaction between downstream propagating large
turbulent structures and the quasi-periodic shock cells in the jet plume.4 For
laboratory-scale jets, the primary BBSAN spectral peak has a distinctive shape that
Pao and Seiner11 show rises steeply with f 4 below the peak frequency and decays as f 2
at frequencies just above the peak.
In addition to this distinctive spectral shape, three parameters—frequency,
level, and width—characterize the first BBSAN spectral peak. These parameters vary
both spatially and with jet conditions, such as the jet speed, temperature, and whether
the jet is over or underexpanded. In particular, the degree of mismatch between the
design Mach number of the nozzle, Md , and the jet Mach number, Mj , plays a large
role. For the F-35B, however, the temperature and Mach numbers are unavailable and
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Fig. 1. (Color online) Schematic of jet noise with directional sound radiation of the large-scale turbulent mixing
noise and the BBSAN indicated.

their relationship to the engine thrust request (ETR) is unknown. For nonideally
expanded laboratory-scale jets, Tanna et al.2 ascertained when the BBSAN contribution becomes more significant to the overall jet noise spectra (see Fig. 2 of Ref. 2).
BBSAN levels rise as the mismatch between the jet and design Mach numbers (Mj and
strength of the shock cells. Notably,
Md , respectively) increases due to the increased
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
the BBSAN level changes as b4 , where b ¼

ðMj2  Md2 Þ is referred to as the off-

design parameter. BBSAN is more prominent than turbulent mixing noise at smaller
inlet angles. As inlet angle increases, the turbulent mixing noise level increases dramatically and masks the BBSAN because the level of BBSAN is presumed to be relatively
similar across angles.3 BBSAN is more apparent at lower temperatures because turbulent mixing noise levels increase rapidly with increased temperature and, therefore,
mask BBSAN over a wider angular aperture at high temperatures.2
For an overexpanded laboratory-scale jet, the three characterizing parameters
of the main spectral peak of BBSAN exhibit consistent trends. Across the spatial aperture of a single jet noise measurement, BBSAN peak frequency increases with
increased inlet angle (e.g., Fig. 10 of Ref. 2).2,10 Conversely, the level decreases with
inlet angle.2,9 The width of the spectral peak broadens with increased inlet angle, as
seen in Figs. 2–13 of Ref. 4. When comparing between jet noise measurements, as the
off-design parameter increases, the BBSAN peak frequency decreases [see Fig. 17 of
Ref. 3 and Fig. 11(a) of Ref. 2], the level increases, and the width becomes narrower.2,3
As temperature increases, frequency decreases slightly (see Fig. 7 of Ref. 3 and Fig. 16
of Ref. 9), while the overall sound pressure level (OASPL) and level of the BBSAN
spectral peak increase slightly and the width broadens.3,9 However, temperature
appears to have only a minimal affect that quickly saturates as the temperature
increases.3 As the off-design parameter and temperature are unavailable for the F-35B
engine, the variation in the frequency, level and width of the F-35B BBSAN are analyzed as a function of inlet angle and ETR.
Recently, the first analysis of BBSAN from military aircraft engine was performed by Tam et al.12 They reported spatial trends for these same three characteristics
for a tied-down F/A-18E operating at afterburner. In agreement with the laboratoryscale case, the peak frequency of F/A-18E BBSAN was shown to increase with increasing inlet angle. However, the peak level increases and the width were reported to
decrease with increasing inlet angle—opposite the laboratory-scale trends. Because
these trends were defined across a limited number of locations and only one engine
condition, further investigations are needed to characterize BBSAN in highperformance military aircraft noise.14
This letter characterizes the BBSAN from a tied-down F-35B operated at multiple engine conditions. A measurement description is followed by a detailed analysis
of the spatial variation in the frequency, level, and width of the primary BBSAN spectral peak, as well as changes across the engine operating conditions that produced
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BBSAN: 75%, 100%, 130%, and 150% ETR. Comparisons are made with laboratoryscale studies and the preliminary afterburning F/A-18E results in Ref. 12. Differences
in the spatial variation in peak level and width indicate areas where research is needed
to understand BBSAN production from high-performance military aircraft.
2. Experiment
Noise measured near an F-35B during a ground run-up test at Edwards Air Force
Base15 provides the opportunity to investigate how the BBSAN changes with angle
and engine condition. National Instruments PXI-4498 cards sampling at 204.8 kHz
were used to synchronously acquire 30-s acoustic pressure waveform data. During the
measurements, the F-35B engine operated multiple times at seven ETRs: idle, 25%,
50%, 75%, 100% (military power), 130% (minimum afterburner), and 150% ETR
(maximum afterburner). Level variations between 5 and 6 run-ups at each engine condition is less than 61 dB. At idle, 25%, and 50% ETR, BBSAN was not present.
However, BBSAN is a dominant feature of the noise for 75% ETR and higher at inlet
angles less than 73 .
Analysis of the spatial variation in BBSAN is facilitated by the linear array
located approximately 8 m from the estimated jet shear layer (see Fig. 2). The 71 element, ground-based array of GRAS 6.35 mm (1=4") pressure microphones had 0.45 m
inter-microphone spacing and spanned 32 m, covering an angular aperture of 35 –152 .
Consistent with other full-scale jet noise studies,12,14,15 angles are defined relative to
the jet inlet and the microphone array reference point (MARP) at z ¼ 7.5 m. Therefore,
some geometry is required to connect these full-scale studies with laboratory-scale jet
noise studies that defined angles from the nozzle. The MARP is selected to be representative of the estimated maximum source location for turbulent mixing noise at the
peak frequencies.16,17 The apparent acoustic source region of the BBSAN is likely forward of the MARP and is currently being investigated with both beamforming and
near-field acoustical holography.18
3. Results
The features of the F-35B BBSAN may be compared with trends seen in prior
laboratory-scale jet studies. The BBSAN characteristics under investigation are the frequency, level, and width of the primary BBSAN spectral peak. The F-35B measurements allow for an investigation of the spatial variation of these characteristics at a
single ETR, as well as changes across ETR. For each ETR at every microphone location, the power spectral density (PSD) with a 3 Hz resolution is computed, and the frequency (fpeak ), level (Lpeak ), and bandwidth associated with the top 3 dB (D3dB ) of the
BBSAN spectral peaks are identified. The Lpeak are scaled to a common distance of
30 m from the MARP based on a spherical spreading assumption. (Nonlinear propagation effects have been identified at the small inlet angles associated with BBSAN for
supersonic, imperfectly-expanded, heat-simulated model jets19 and the F-35B measurements analyzed in this paper.20 However, the primary BBSAN spectral peak occurs at
frequencies considerably lower than those affected by nonlinear propagation over this
short distance. Thus, the spherical spreading assumption is adequate for establishing
spatial trends.)
The overall spectral shape of F-35B BBSAN is fairly consistent with the
laboratory-scale studies. As an example, Fig. 3 shows the PSD at the smallest measured inlet angle, 35 , for 75% ETR (a) and 150% ETR (b). The BBSAN spectral peak
has a sharp rise and a slightly less steep decay in most cases. Figure 3(a) shows that
the spectral slopes of the F-35B BBSAN are close to the f 4 and f 2 slopes described

Fig. 2. (Color online) Measurement layout of the linear ground array near an F-35B. The microphone array reference point (MARP) and microphone locations are marked.
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Fig. 3. (Color online) F-35B power spectral density (PSD) at 35 for (a) 75% ETR and (b) 150% ETR.
Characteristic frequency slopes (f 4 rise and f 2 decay) of BBSAN described by Pao and Seiner (Ref. 11) are
shown in (a), and the primary BBSAN features are indicated in (b): peak level (Lpeak ), peak frequency (fpeak ),
and width of the spectral peak corresponding to the top 3 dB (D3dB Þ

by Pao and Seiner.11 The F-35B BBSAN peak is more pronounced in the forward
direction (small inlet angles) and becomes less distinguished as inlet angle increases due
to the increase in turbulent mixing noise. The other features of the BBSAN spectral
peak are labeled in Fig. 3(b).
The peak frequency of the BBSAN increases with inlet angle across all F-35B
engine conditions, similar to laboratory-scale studies. The fpeak , shown in Fig. 4(a), is
easily definable at small inlet angles. The lines in Fig. 4 represent the mean across the
run-ups for a given engine condition, with dots showing the values for individual runups. The uncertainty in the exact value of fpeak increases towards the end of the angular aperture shown because the BBSAN spectral peak becomes broader due to the
increased contribution of the turbulent mixing noise as inlet angle increases. With
increased ETR, the BBSAN is identifiable over a slightly larger angular range, and
therefore higher ETR cases have additional data points in Figs. 4(a) and 4(b). While
the same trend over angle is evident at all engine conditions, fpeak is higher at 75%
ETR than at 100% ETR and remains the same or decreases slightly for 130%
and 150% ETR. This limited change for higher ETR is consistent with the saturation
effect of increased beta and temperature shown for laboratory-scale jet in Fig. 12(b) of
Ref. 3.
Unlike fpeak , the spatial variation in peak level of the F-35B BBSAN, Lpeak ,
depicted in Fig. 4(b), differs from the laboratory-scale trend at higher ETR. At every
location, the Lpeak values are higher for larger ETR, which matches the increase in
BBSAN seen in laboratory-scale jets as the temperature and off-design parameter
increases. At 75% ETR, as inlet angle increases, Lpeak decreases similar to laboratoryscale jets. At 100% ETR, Lpeak remains relatively constant until 50 after which it
begins to decrease, aside from an anomalous increase of about 1 dB at 64 , the cause
of which is unknown. At 130% ETR, the Lpeak values remain relatively constant,
whereas at 150% ETR, Lpeak increases approximately 2 dB between 35 and 48 then
varies only slightly as inlet angle increases to 73 . (For the greatest inlet angles at
which BBSAN is defined, the Lpeak values are likely 1–2 dB higher than what should
be attributed to BBSAN due to the incoherent addition of the turbulent mixing noise,
which increases in level as inlet angle increases until it completely masks the BBSAN
spectral peak.) The spatial trends at higher-ETR disagree with the result from a 2017
study12 of BBSAN for a tied-down, afterburning F/A-18E of increasing peak level with
inlet angle. The slight increase in level for the F-35B BBSAN at 150% ETR [Fig. 4(b)]
does, however, agree with the BBSAN spectra for an uninstalled “supersonic jet engine
at high set point” shown in Fig. 6(a) of Schlinker et al.,21 indicating that this trend is
not due to installation effects. Thus, the Lpeak at 75% ETR follows the spatial trend
observed in laboratory-scale jets, the higher ETRs do not.
The final BBSAN characteristic, the width of the first spectral peak, is quantified by finding the bandwidth over which the levels are within 3 dB (D3dB ) of the peak,
as illustrated by the green lines in Fig. 3(b). Because the width relative to the peak frequency is of more importance, the resulting D3dB =fpeak are shown in Fig. 4(c). Similar
trends across inlet angle are seen when a cutoff of 2 and 4 dB are used to define the
widths. As the inlet angle increases, the turbulent mixing noise levels rise to a point
where it affects the width of the spectral peak, such that D3dB is no longer a definable
characteristic of the BBSAN. From observing the PSD plots, this interference is seen
as D3dB =fpeak approaches 0.6 for 75% and 0.8 for 150% ETR. Hence, at some of the
J. Acoust. Soc. Am. 144 (3), September 2018
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Fig. 4. (Color online) BBSAN characteristics across inlet angle for four F-35B engine conditions, given as percentage engine thrust request. (a) Peak frequency, fpeak ; (b) peak level, Lpeak ; and (c) spectral width of the top
3 dB, D3dB , scaled by fpeak . Dots represent individual run-ups and solid lines denote the engine-condition average. Arrows in the lower right of each plot represent a general trend of increasing or decreasing with inlet angle
observed in laboratory-scale studies, but the slope of the line is not to be interpreted quantitatively.

locations where fpeak and Lpeak can be identified, the D3dB =fpeak is not shown, resulting
in fewer data points in Fig. 4(c) than Figs. 4(a) or 4(b). The effect of the rising turbulent mixing noise can be seen in the rapid increase of the D3dB =fpeak values at the largest inlet angles shown at each ETR; the presence of the increasing turbulent mixing
noise limits the accuracy of the width estimation as inlet angle increases.
At all four ETRs, the F-35B BBSAN scaled width decreases to some extent or
remains relatively the same before increasing. Especially pronounced at 150% ETR,
the change in D3dB =fpeak appears to be inversely related to the change in peak level: as
the peak level increases/decreases, the BBSAN spectrum becomes narrower/wider.
Without the dimensionless D3dB =fpeak , the D3dB appears to become narrower as ETR
increases, yet relative to the peak frequency, the width of the BBSAN spectral peak
represents approximately the same fraction of an octave for inlet angles up to 55 . The
F-35B spatial trend for the width of the BBSAN to first decrease then increase with
inlet angle differs from both the continual increase in width seen in laboratory-scale
BBSAN and decreasing width identified for the BBSAN of a tied-down F/A-18E at
afterburner from Ref. 12. These differences between laboratory and full-scale BBSAN
and the BBSAN of two different high-performance military aircraft points to the need
to investigate these spectral characteristics further. These investigations should include
the possible relationship between BBSAN peak width and Lpeak across angle and
engine power, as seen with the F-35B data.
4. Conclusion
This study of BBSAN from a tied-down F-35B provides a comprehensive look at how
the BBSAN varies spatially and what changes result from an increase in ETR. The
overall spectral shape of F-35B BBSAN at 75% to 150% ETR is fairly consistent with
the laboratory-scale studies. Spatially, the BBSAN fpeak increases with inlet angle
across all F-35B engine conditions, similar to laboratory-scale studies. The peak frequencies are lower at 100% than at 75% ETR, and peak frequencies at 130% and
150% ETR are similar to those at 100% ETR indicating a saturation of this effect. As
observed with laboratory-scale BBSAN, the Lpeak values at 75% ETR decrease with
increased inlet angle. In addition, Lpeak increases with ETR as expected. However, the
angular variation of Lpeak changes at higher ETRs. At 100% ETR, the Lpeak remains
rather constant before decreasing with inlet angle, while at 130% ETR, the Lpeak
remains relatively constant. At 150% ETR, Lpeak increases slightly before decreasing as
inlet angle increases. The variation in Lpeak at 150% ETR is similar to that seen for an
uninstalled engine.21 For all engine conditions, the F-35B BBSAN spectral width unexpectedly decreases slightly or remains relatively constant before increasing, whereas the
literature only predicts increasing width for laboratory-scale jets. This behavior appears
linked to the variation in peak level. The cause for differences between the F-35B and
laboratory-scale BBSAN need to be investigated, as does the apparent disagreement
with BBSAN from an afterburning F/A-18A/E reported in Ref. 12. An improved
EL246 J. Acoust. Soc. Am. 144 (3), September 2018
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understanding of the relationship between the BBSAN characteristics and the engine
power is needed to improve modeling of high-performance military aircraft noise.
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