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Attempts to reduce the noise from high-performance military aircraft requires an 

understanding of the different jet noise generation mechanisms.  The primary noise sources 
originate from interactions between turbulent mixing noise associated with large and fine-
scale turbulent structures and the ambient air.  A nonideally expanded jet also contains 
broadband shock-associated noise. A three-way decomposition of the spectral density 
measured near a tied-down F-35B quantifies the contribution from each type of noise. The 
decomposition is performed on noise from a ground-based, linear array of microphones, 
approximately 8 m from the estimated shear layer, which spanned an angular aperture of 
35° to 152° (relative to engine inlet). This large spatial aperture allows for a detailed 
investigation into the spatial variation in broadband shock-associated noise and fine and 
large-scale turbulent mixing noise. The spectral decompositions match the measured spectral 
levels with three main exceptions: 1) the F-35B noise contains multiple spectral peaks in the 
maximum radiation region, 2) nonlinear propagation increases the high-frequency spectral 
levels, and 3) the low-frequency levels in the maximum radiation region are less than those 
predicted by the large-scale similarity spectrum. The main peak of the F-35B broadband 
shock-associated noise, evident from 35°-70°, has the same characteristic shape and variation 
in peak frequency as overexpanded, laboratory-scale jets. The F-35B broadband shock-
associated noise peak level and width exhibit different trends than laboratory-scale BBSAN 
and those recently reported for the F/A-18E [Tam et al., Journal of Sound and Vibration, Vol. 
422, 2018, pp. 92-111]. The strengths and limitations of current models to represent the 
spatial variation in the spectral content of F-35B noise can guide research efforts to more 
fully understand the sound radiation from high-performance military aircraft. 
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Nomenclature 
𝑐   = ambient sound speed 
𝐷	   = nozzle diameter 
𝐸%   = amplitude based on jet parameters 
𝑓   = frequency 
𝑓'   = modal frequency 
𝑓()*+   = peak frequency 
𝐽   = Bessel’s function of the first kind 
𝑘  = acoustic wavenumber 
𝑘'   = modal wavenumber 
𝐿   = shock-cell spacing 
𝐿()*+   = peak spectral level 
𝑀0   = convective Mach number 
𝑀1   = design Mach number of the nozzle 
𝑀%   = average Mach number of the fully expanded jet 
𝑚   = mode number 
OASPL  = overall sound pressure level 
PSD  = power spectral density 
𝑅   = radius in spherical coordinates 
𝑆   = spectrum 
SPL   = sound pressure level 
Sr   = Strouhal number 
𝑢0   = convective velocity 
𝑢%  = fully expanded, mean jet velocity 
𝑤>?   = width parameter 
𝑥  = sideline distance  
𝑧   = axial distance 
ΔSPL  = difference in sound pressure level 
𝛽  =  jet offdesign parameter  
𝜙  =  azimuthal angle  
𝜃  =  polar inlet angle 
𝜎   = zero of zeroth order Bessel function  
 

I.  Introduction 

 
OISE reduction efforts for the latest generation of tactical aircraft are of increasing importance to both the 
military and the civilian population. Noise reduction designs can benefit from an increased understanding of each 
noise component and their relative importance at different operating conditions. The noise generation 

mechanisms fall into two categories: turbulent mixing noise and broadband shock-associated noise. In the two-source 
theory for turbulent mixing noise [1,2,3], the maximum noise generation is caused by the large-scale turbulent 
structures’ interaction with the ambient air; the partially correlated nature of these interactions yields the distinct 
directivity associated with supersonic jet noise.   Fine-scale turbulent structures also interact with the ambient air to 
produce lower-level, omnidirectional noise.  Because high-performance military aircraft engines do not produce an 
ideally expanded jet, broadband shock-associated noise (BBSAN) is also a significant component of the noise in the 
sideline and forward direction. BBSAN results from the interaction of the large-scale turbulent structures and the 
quasi-periodic shock cells [4]. Screech tones, while important in laboratory-scale underexpanded jets [5] are not 
significant in overexpanded jets nor the spectra from high-performance military aircraft. The relative importance of 
the BBSAN and the large and fine-scale turbulent mixing noise is explored across a wide spatial aperture near the F-
35B via a three-way spectral decomposition.  This decomposition includes variation with engine power and provides 
insights into where current models, developed for laboratory-scale jet noise, apply to high-performance military 
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aircraft noise.  This spectral decomposition helps identify where further investigation into noise source mechanisms 
are needed and lays the ground work for the development of a broadband equivalent source model for F-35B noise. 

In the two-source theory of jet noise, different kinds of turbulent mixing noise come from fine and large-scale 
turbulent structures [1,2]. An experimental study of supersonic jet noise reported by Schlinker [6]  and Laufer et al. 
[7] in the mid 1970’s indicated that the sound radiated to the sideline of a jet and in the highest amplitude region are 
distinctly different. The two regions contain noise generated by the fine and large-scale turbulent structures and have 
different properties.  The fine-scale turbulent structures distributed throughout the plume, are relatively compact 
sources and radiate omnidirectionally.  The large-scale turbulent structures have larger spatial coherence properties 
and thus produce directional sound radiation.  Consequently, in the direction of maximum radiation, noise from the 
large-scale structures dominates the sound field.  The noise radiated from the fine-scale structures is, therefore, most 
likely to be detected to the sideline of the jet.  The relative contribution of these two noise sources depends on Mach 
number, jet temperature, and radiation angle [8,9]. 

Studies of these two types of mixing noise led to the empirical similarity spectra, developed from far-field data 
from a range of cold and heated, ideally expanded, laboratory-scale jets [10,11]. The large-scale similarity (LSS) 
spectrum, which has a relatively narrow peak and power-law decay on both sides, was reported to fit the jet noise for 
aft angles, where the sound radiation is a maximum.  On the other hand, the fine-scale similarity (FSS) spectrum—
with its broader peak and a more gradual roll-off at both high and low frequencies—matched the spectra of noise 
radiated in the sideline and forward directions. In addition, it was proposed that the turbulent mixing noise at any 
radiation angle is a sum of LSS and FSS spectra.  The agreement between the similarity spectra and laboratory-scale 
jets at a variety of operating conditions is summarized in Refs. [8,9,12]. Schlinker [13] first applied the LSS spectrum 
to noise in the maximum radiation direction from a high-performance military aircraft engine.  Neilsen et al. [14] 
contains the first comparison of both the FSS and LSS spectra to noise measured on ground-based microphones 
spanning a wide angular aperture close to a tied-down high-performance military aircraft.  It was shown that the 
similarity spectra agree with the measured turbulent mixing noise with a few important exceptions, explained in Sec. 
II.A. Spectral comparisons have also been shown for a few elevated microphones 38.1 m from a tied-down F-35AA1 
[15] and recently for a few ground-based microphones near a tied-down F/A18-A/E [16].  In addition, Harker et al. 
[17,18]  explain how the autocorrelation envelopes associated with the similarity spectra agree with the measured 
autocorrelation near the high-power, installed engine in Ref. [14].  Recently, Faranosov et al. [19] compared the 
similarity spectra to an azimuthal decomposition of an aircraft engine on a static test bench. All of these studies have 
focused solely on the turbulent mixing noise.  

In addition to turbulent mixing noise, nonideally expanded jets produce BBSAN. Harper-Bourne and Fisher [4] 
first identified the primary features of BBSAN (distinctive spectral shape, peak frequency, and peak level) and 
provided a methodology for predicting these features based on constructive interference due to the relative phasing of 
the sources. A series of laboratory-scale experiments at the NASA Langley Research Center [20,21,22], confirmed 
the presence of and spatial variation in these three BBSAN features. Tanna [23] explored the relative importance of 
BBSAN to turbulent mixing noise. BBSAN becomes stronger as the jet Mach number, 𝑀%, deviates more from the 
design Mach number, 𝑀1. BBSAN is evident in the forward quadrant (small inlet angles) where the turbulent mixing 
noise has lower levels. The prominence of BBSAN relative to turbulent mixing noise decreases when temperature 
increases because of the corresponding increase in turbulent mixing noise. After additional experimental results that 
explored the shock-turbulence interactions [21], evaluated the BBSAN spectral shape [24], and investigated the role 
of shock structures and jet mixing layer development [25], Tam and colleagues [26,27,28] proposed a more 
sophisticated BBSAN spectral model.  More recently Kuo et al. [29] provided a simplification of Tam’s model that 
works well for the first spectral peak.  

The nature of BBSAN in high-performance military aircraft noise is now under investigation.  Tam et al. [16] 
modeled the BBSAN at a few locations near a tied-down F/A-18E operating at afterburner and reported that BBSAN 
from a high-performance military aircraft agrees with only two of the four trends observed in nonideally expanded, 
laboratory-scale jets.  They indicated that the distinctive BBSAN spectral shape is present and that the spectral peak 
frequency increases as inlet angle increases for seven locations. Four of these seven locations show opposite trends 
from laboratory-scale studies in the BBSAN peak level and width.  Vaughn et al. [30] show the first analysis of 
BBSAN characteristics as a function of engine condition for a high-performance aircraft engine. Specifically, the 
BBSAN characteristics are compared when the F-35B operated at four engine conditions: 75% engine thrust request 
(ETR), 100 % ETR (military power), 130% ETR (minimum afterburner), and 150% ETR (maximum afterburner). 
The F-35B BBSAN spectral shape and trend in peak frequency hold for all four engine conditions.  The expected 

D
ow

nl
oa

de
d 

by
 K

en
t G

ee
 o

n 
Ju

ly
 2

7,
 2

01
8 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I:
 1

0.
25

14
/6

.2
01

8-
31

46
 



 
 
 

4 
 
American Institute of Aeronautics and Astronautics 
 
 
 

variations in peak frequency across engine condition also agree with prior laboratory-scale studies in which the 
temperature and Mach number were varied [29].    The variation in peak level and width do not agree with laboratory-
scale studies nor the F/A-18E study.  A direct comparison between the F/A-18E and F-35B BBSAN characteristics 
for afterburning engine condition are presented in this paper. 

With the goal of increasing understanding of the noise generation mechanisms from an F-35B engine operated at 
different engine conditions, this paper presents a comprehensive, three-way spectral decomposition of F-35B noise 
over a wide angular aperture and multiple engine conditions. In addition to confirming the strengths and limitations 
of applying the large and fine-scale similarity spectra to the F-35B noise, particular attention is given to examining if 
the dominant BBSAN peak in the F-35B spectra can be modeled using the prevailing theory. After an explanation of 
the spectral models (Sec. II), a brief description of the measurements is given (Sec. III).  Examples of the three-way 
decomposition are provided (Sec. IV) from the 71-element ground array, which spanned 32 m and was located 
approximately 8-10 m from the estimated shear layer. The spectral decompositions are analyzed (Sec. V) at both 75% 
engine thrust request (ETR) and 150% ETR (maximum afterburner). Spatial variation in level and peak frequency for 
all three components shows the relative contributions of each. Broadband spatiospectral error maps highlight regions 
in which the three spectral models do and do not adequately match the F-35B spectra. In addition, the spatial variation 
in the BBSAN modeling parameters are compared to those reported for the F/A-18E. The applicability of the standard 
relationship between the BBSAN peak frequency and the convective speed is evaluated, followed by a preliminary 
look at using the Kuo et al. model to account for a second BBSAN peak.  These analyses provide insights into the 
relative significance of the different jet noise components for an F-35B operating at different ETR and how these 
agree and disagree with prior conclusions. 

II. Background 
The majority of the spectral decomposition has been used for jet noise component identification. Prior studies have 

applied either the Tam et al. similarity spectra for turbulent mixing noise or modeled the BBSAN components 
separately.  In Ref. [31], however, Viswanathan et al. proposed a different spectral method for separating turbulent 
mixing noise and BBSAN, based on the work in Ref. [32]. Spectral scaling laws were applied to a large database of 
jet noise measurements, and found a consistent spectral shape could be obtained over a range of known jet velocities 
and temperatures. Master spectra were created for turbulent mixing noise from ideally expanded, subsonic jets using 
a least-square fit of the scaled spectra at different temperature ratios. The master spectra were scaled to fit ideally 
expanded, supersonic jet noise spectra at the same temperature using the jet velocity and velocity scaling exponent.  
He noted that master spectra did not match the high-frequency content of supersonic jet noise spectra because of 
nonlinearity.  In Ref. [31] (Figs. 8, 9, 12, and 13), these master spectra were subtracted from supersonic jet noise 
containing BBSAN to yield the “shock component.”   

The Viswanathan  et al. scaling-law approach [31] is not used to decompose the F-35B noise for several reasons. 
First, the jet temperature and velocity are not known for the F-35B. Second, the master spectra shown in Ref. [31] 
have a peak Strouhal number around 0.2, which is expected in the maximum radiation region but not at the forward 
angles where BBSAN is prominent.  An example of the spatial variation in the peak frequency for a high-performance 
military aircraft engine is provided in Ref. [33]. Third, the “shock component” contains not only the BBSAN but also 
energy related to nonlinear propagation, as discussed by Viswanathan et al. in regards to Figs. 34-35 of Ref. [31]. 
Supporting evidence for this claim was presented by Petitjean et al. [5] in their detailed study of nonlinear propagation 
effects at small inlet angles for supersonic, imperfectly-expanded, heat-simulated model jets. 

Because of these consideration, the Tam et al. empirical similarity spectra for turbulent mixing noise [10] and Kuo 
et al.’s BBSAN model [29] are used to identify the contributions of the different noise sources. These two spectral 
models are described in this section. 

A. Similarity Spectra for turbulent mixing noise 
Two empirical similarity spectra obtained  by Tam et al. [10] match the primary features of the mixing noise from 

the fine-scale and large-scale turbulent structures in many laboratory-scale jet noise studies [8,9]. These spectra depend 
on two input parameters: peak frequency and peak level.  An example of the two spectra when the same peak frequency 
and level are used is shown in Figure 1, based on the corrected equations found in Ref. [11], with the LSS spectrum 
corresponding the to 𝐹 function and the FSS spectrum the 𝐺 function. 
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Figure 1. Large-scale and fine-scale similarity spectra for the same peak frequency and peak level. 

Comparisons of the similarity spectra and spectra from high-performance military aircraft engines are limited.  In 
the investigation by Schlinker et al. [13], the LSS spectral shape agrees reasonably well with the measured spectra at 
aft angles in the far field of a round-nozzle engine at its full-thrust set point, except for high frequencies where the 
spectral slope was appreciably shallower than predicted by the LSS spectrum.  Neilsen et al. [14] were the first to 
compare both the FSS and LSS spectra, and their combination, against the spectra from a tied-down high-performance 
military aircraft. [34]  They evaluated the ability of one-third octave band similarity spectra to match spectral levels 
on ground-based microphones located 11.7 m (approximately 18 nozzle diameters, 𝐷) from the jet centerline that 
spanned a wide angular aperture.  Even though the engine nozzle geometry was non-circular for this aircraft and one 
engine ran at idle power while the other engine cycled through different engine conditions, the similarity spectra agree 
with large portions of the measured spectra.  Toward the sideline of the aircraft, the fine-scale similarity spectrum 
agrees well, while the large-scale similarity spectrum provides a reasonable fit to the general shape around the area of 
maximum radiation, with a few important exceptions.  Combinations of the two similarity spectra are shown to match 
the data in between those regions.  Surprisingly, at high engine powers, a combination of the two similarity spectra is 
also evident at the farthest aft microphones with inlet angle around 150°.   

There are three main features in high-performance military aircraft spectra that are not accounted for by the 
similarity spectra.  First, at high frequencies, the degree of congruity between the similarity and measured spectra 
changes with engine condition and angle.  At high engine powers, the measured high-frequency slope is systematically 
shallower than the LSS spectrum [35], with the largest discrepancy occurring in the region of maximum radiation. 
The shallowness of the high-frequency slope—apparent even in the forward direction—is due to nonlinear 
propagation. [33,36,37,38,39].    This effect was often ignored in previous laboratory-scale studies in which the fit in 
the peak frequencies was sacrificed to compensate for the steeper slope, whereas in this work frequencies below 2000 
Hz were primarily considered in fitting the similarity spectra in the maximum radiation region. 

Second, the LSS spectrum does not account for the presence of multiple spectral peak found in high-amplitude 
regions.  Seiner et al. [40] showed a dual lobe for very high-temperature laboratory-scale jets and attributed it to 
different types of Mach waves described by Oertel [41] with theoretical modeling provided by Tam and Hu [42]. For 
the one-third octave band analysis of military aircraft engine noise in Ref. [14], only two spectral peaks are evident, 
but subsequent studies have indicated there are likely more [43,44,45]. More recently, Liu et al. [46] has shown a 
similar separation of different types of propagating waves in numerical simulations of high temperature, supersonic 
jets. 

Third, the measured low-frequency spectral slope is steeper than is predicated by the LSS spectrum at in the 
maximum radiation region.  Farther aft the lwo-frequency slope changes and agrees better with the similarity spectral 
decomposition.  The steeper low-frequency slope persists in the far field, as shown in Figs 4 and 5 of Gee et al. [37]  
No explanation for this phenomenon has been proposed.  

These conclusions were further investigated in a preliminary comparison of one-third octave band similarity 
spectra to the spatial variation in spectra which was performed for elevated microphones on an arc at a radial distance 
of  38.1 m from the F-35AA1 [15]. While the resulting one-third octave band spectral decomposition appeared to 
agree with the previous aircraft noise decomposition [14], the decomposition in Ref. [15] was complicated by the 
presence of a ground interference dip near the peak frequency.  Thus, confirmation of the similarity spectra’s ability 
to match high-performance military aircraft noise is more straightforward for a ground-based array, as was present in 
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2013 measurements near tied-down F-35B [47].   Examples of spectral decompositions along this ground array are 
shown in Sec. IV. 

B. BBSAN models 
In Ref. [4], Harper-Bourne and Fisher first proposed a methodology for predicting BBSAN. Each shock cell is 

treated as a source with relative phasing set by the convective velocity of the turbulent flow.  This led to an expression 
for a BBSAN spectral shape and, in particular, the relationship between the peak frequency of the BBSAN, the 
convective Mach number, and the length of the shock cells. They concluded that the level of BBSAN depends only 

on pressure ratio. The BBSAN intensity was observed to go as 𝛽I, with 𝛽 = 𝑀%K − 1	 (for their convergent nozzle).  

For convergent-divergent nozzles, Ref. [26] indicates that the appropriate definition is 𝛽 = 	 𝑀%K − 𝑀1
K .   The 

relationship between 𝛽I and the level of the BBSAN indicates a strong dependence on the density fluctuations at the 
shocks. 

Harper-Bourne and Fisher [4] also postulated that the peak frequency, 𝑓N, associated with the maximum BBSAN 
level is related to convective velocity, 𝑢0 , convective Mach number, 𝑀0 , and average shock-cell spacing, 𝐿. At a 
specific observation angle 𝜃, relative to the jet centerline, the radiation from all the shock-cell sources would interfere 
constructively at the frequency 

 
𝑓N =

𝑢0
𝐿(1 − 𝑀0𝑐𝑜𝑠𝜃)

 

 
(1) 

and harmonics of 𝑓N. The upper harmonics, however, were not observed in their measurements. They also proposed a 
spectral model based on flow parameters. The Harper-Bourne and Fisher model for BBSAN was tested with several 
lab-scale experiments. Tanna’s experiments confirmed that the BBSAN increases as 𝛽 increases [23].  Norum and 
Seiner’ experiments compared BBSAN measurements over a showed that the Helmholtz number associated with 𝑓N 
increases with 𝛽 for overexpanded jets [21]. The distinctive shape of the BBSAN peak rise as 𝑓I below 𝑓N and decay 
as 𝑓TK	above 𝑓N, as shown by Pao and Seiner [24]. 

A later BBSAN model was developed from instability wave theory for the large-scale turbulent mixing noise by 
Tam and colleagues [26,27,28].  In the Tam model, BBSAN is produced by the coherent scattering of the large 
turbulence structures as they pass through the quasi-periodic shock cells in the jet plume. Interaction between the 
large-scale turbulence structures and the quasi-periodic shock cells gives rise to time-dependent disturbances, which 
when radiated to the far field become BBSAN. In essence, the quasi-periodic shock cells form a waveguide for the 
large-scale turbulent structures. It was noted that quasi-periodic shock cells first increase then decrease as 𝛽 increases. 
Additionally, the intensity of BBSAN depends on the strength of the shock cells inside the plume, and shock cell 
strength is determined by the difference between the nozzle design Mach number, 𝑀1, and the fully expanded jet 
Mach number, 𝑀%. In Ref. [28], the model was extended from the original derivation for slightly imperfectly expanded 
jets to moderately imperfectly expanded jets.  

In the Tam model for moderately imperfectly expanded jets, the far-field BBSAN spectrum (Eq. 3.7 in Ref. [28]) 
depends on frequency, 𝑓, and location in spherical coordinates (𝑅, 𝜃, 𝜙). A more compact version is presented here, 
where 𝐸% represents a collection of ambient and jet parameters: 

 

𝑆 𝑅, 𝜃, 𝜙, 𝑓 = 	
𝐸%

𝑅K𝑓SrU
1

𝜎'K 𝐽VK 𝜎'
exp 	 −

𝑓'
𝑓
− 1 K 	𝑞(𝜃)K

[

'\V

, (2) 

 
 

with 

𝑞(𝜃)K = 	 1 + 𝑀0𝑐𝑜𝑠𝜃 K 𝐿K𝑢%K

𝑢0K (2	ln 2)
. 

 
(3) 
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The use of 𝐸% is employed here because the jet parameters are not available for high-performance military aircraft 
engines. This abbreviated form is also convenient because it ties more directly with the subsequent simplifications by 
Kuo et al. [29].  The SrU in the denominator is the Strouhal number (Sr = 𝑓𝑢%/𝐷) if St > 0.35, otherwise SrU = 0.35, 
and 𝜃 is measured relative to the jet centerline, and 𝐽V is the first order Bessel function of the first kind.   

The summation over 𝑚 represents the contribution of different waveguide modes to BBSAN. Each term in the 
sum depends on 𝜎', the 𝑚h? zero of 𝐽i, as well as 𝐽V(𝜎'). The exponential term depends on the peak frequency of the 
𝑚h? waveguide mode, 𝑓' , and has angular dependence that varies with 𝑀0 . 𝐿 is the “half-width of the similarity 
sources” [26,27], and 𝑢% and 𝑢0 are the jet and convective velocities.  Refs. [26,27] state that in practice the summation 
is truncated to include only 𝑓' corresponding to St ≤ 3 because the wave model of large-scale turbulent structures is 
not meaningful for St > 3. He also notes that the modal frequencies occur at 𝑓' = 𝑢0𝑘'/(2𝜋 1 − 𝑀0 cos 𝜃 ), where 
the wavenumbers of the vortex shock cell structure are 𝑘' = 2𝜎'/(𝐷% (𝑀% − 1) ).  This equation for peak frequency 
resembles the one used by Harper-Bourne and Fisher in Eq. (1), but the upper partials are not harmonically related.   

While the Tam model allows for the prediction of multiple BBSAN peaks, it has some limitations.  When the 
model is applied to match measured BBSAN spectra, the required 𝑓V is usually greater than the first observed BBSAN 
peak frequency, making it tricky to apply the model. In addition, the modeled BBSAN spectrum exhibits more high-
frequency partials than observed in measurements, as well as deeper dips between subsequent harmonics [26].   

In many cases, only the first peak of BBSAN is identifiable. This observation led Kuo et al. [29] to produce a 
simplified model for the primary BBSAN spectral peak. At (𝑅, 𝜃, 𝜙) the contribution of the main BBSAN peak to the 
sound pressure level is 

 

Loopqr = 	 L()*+ + 10 log exp −
𝑓()*+
𝑓

− 1
K

/𝑤>?
K , 

 
(4) 

 
where the original Strouhal numbers have been replaced by frequencies, as the jet diameter and velocity are unknown 
for the F-35.  L()*+ is the peak spectral level (SPL or PSD) in decibels that occurs at the peak frequency, 𝑓()*+. The 
parameter 𝑤>? relates to the width of the BBSAN peak and is typically chosen to match the spectral level at 𝑓 =
0.75𝑓()*+. The advantages of this simplified model are that jet-related parameters are not necessary and identification 
of	L()*+ and 𝑓()*+ are straightforward. (As a point of clarification, Eq. (4) was referred in a recent publication [16] as 
Tam’s model, but will be referred to here as Kuo et al.’s model.) 

 A comparison of the spectral shape of Tam’s original model from Ref. [28] and Kuo et al.’s model from Ref. 
[29] illustrates the benefits of the simplification.  The spectral shape from both BBSAN models is shown in Figure 2a 
for the same width and peak frequency: 	1/𝑞 = 𝑤>?	 = 0.2, 𝑓V = 𝑓()*+ = 	500	Hz,	with 	𝑚 = 1, 𝐸% 	= 	6.3𝑒7, 𝑅 =
10	m	in Eq. (2) and	L()*+ = 	100	dB in Eq. (4).  The spectral shapes differ but alternate choices for the peak frequency 
and the width make them appear similar, as shown Figure 2b where 1/𝑞 = 0.2, 𝑓V	 = 	525	Hz, for the Tam model and 
𝑤>?	 = 0.185, 𝑓()*+	 = 	500	Hz for the Kuo model. In application of BBSAN spectral models, only the top 15-20 dB 
are usually employed as the elongated tails are not representative of measured spectra [29].  Thus, Kuo et al.’s model 
is selected in this work because it is easier to use: The peak frequency and peak level are easily identifiable, whereas 
the 𝑓V required to get reasonable fits in Tam’s model is lower than the actual	measured	peak	frequency	and	the jet 
parameters required for Tam’s model are not available for the F-35B.  

Both the Harper-Bourne and Fisher model [4], and the original Tam model [26,27], predict the presence of higher-
frequency BBSAN components.  Although the higher components are not seen in much of the laboratory-scale data, 
the F-35B data do exhibit a second peak at some inlet angles.  Harper-Bourne and Fisher [4] describe the higher 
partials as harmonics based on constructive interference. Tam’s model includes inharmonic higher frequency partials 
as modes of the waveguide created by the shock cells [26,27]. The authors of this paper find the latter does not agree 
with the second peak in the F-35B data.  Instead, we are investigating possible relationships between the first and 
high-order peaks; preliminary evidence is presented in Sec. V.E. 
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a)        b) 
  

Figure 2. Comparison of the spectral shape of Tam’s original model for 𝒎 = 𝟏 in Ref. [28] and Kuo et al.’s 
simplified model in Ref. [29] using the same parameter (a) and different parameters (b).  Parameter values are 
given in the text. 

III. Measurement 
Noise from a tied-down F-35B was measured at Edwards Air Force Base, September 6, 2013. The Pratt & Whitney 

F135 engine was operated at a series of engine conditions from idle to 150% engine thrust request (ETR). Each engine 
condition was measured multiple times and produced consistent spectra. Microphones were arranged in either line 
arrays, parallel to the jet centerline, or in semicircular arcs centered at the microphone array reference point (MARP), 
described by James et al. [47]. As most of the noise generated by supersonic jets is emitted from the turbulent mixing 
that occurs behind the jet, the MARP represents a rough estimate of source location for many frequencies of interest, 
and is used to define angles. Measurements were conducted in the early morning hours, with temperature varying 
between 19.4°C and 23.1°C, relative humidity between 37.6% to 45.7%, and an average wind speed of 3.3 kts. Two 
variants of the F-35 were measured, and as reported in Ref. [47] the sound from the F-35A and F-35B share the same 
characteristics. Nonlinear propagation effects across near to far-field arrays were analyzed in Refs. [48] and [49]. In 
addition to the far and mid-field arrays, a ground-based array was deployed closer to the aircraft.  

The results and analyses in this paper come from noise measured on the 71-element, ground-based, linear array of 
microphones.  This linear array was approximately 8-10 m from the estimated shear layer of an F-35B.  The array 
spanned 32 m, corresponding to an angular aperture of 35°-152° relative the engine inlet and the MARP, as illustrated 
in Figure 3. The 6.35 mm (1/4”) diameter microphones were spaced 0.45 m (18”) apart. Calibrated acoustic pressure 
waveform data were synchronously acquired with National Instruments PXI-4498 cards sampling at 204.8 kHz. Five 
or six measurements were taken at each ETR, and the variation in the measured levels was less than 1 dB. The ground-
based linear array provides the opportunity to analyze the spatial variation in F-35B power spectral density (PSD) 
without interference from ground reflections.   These data are used in several concurrent studies, including a 
correlation and coherence analysis [45] and acoustical holography [44].  

 

 
Figure 3. Measurement schematic of the ground-based, 71-element linear array, approximately 8 m from the 
estimated shear layer.  Inlet angles are measured relative to the MARP (microphone array reference point). 

D
ow

nl
oa

de
d 

by
 K

en
t G

ee
 o

n 
Ju

ly
 2

7,
 2

01
8 

| h
ttp

://
ar

c.
ai

aa
.o

rg
 | 

D
O

I:
 1

0.
25

14
/6

.2
01

8-
31

46
 



 
 
 

9 
 
American Institute of Aeronautics and Astronautics 
 
 
 

IV. Results 
 The similarity spectra decompositions for F-35B jet noise from the ground-based linear array lend insights into 
the applicability of the current spectral models. As noted by Morris [50], there is some leeway in defining the 
parameters that match the similarity spectra to measured spectral shapes. In this case, three guidelines are applied. 
First, the decompositions primarily strive for agreement in the peak-frequency region. Second, the contributions to 
the OASPL associated with the BBSAN, FSS, and LSS spectral components are constrained to grow or decay 
smoothly as a function of inlet angle.  Third, the peak frequency of each spectrum is expected to vary smoothly as the 
inlet angle increases. Examples of similarity spectra fits are shown in Figure 4 through Figure 6 for select microphones 
when the engine was operated at 75% ETR. 

The spectral decompositions at 75% ETR capture much of the spatial variation in the F-35B noise, with the same 
notable exceptions observed for a different high-performance military aircraft [14].  At the smallest inlet angles, the 
PSD contains BBSAN.  A combination of Kuo et al.’s BBSAN model in Eq. (4) and the FSS spectrum matches the 
majority of the spectral shape, as shown in Figure 4(a).  As the inlet angle increases, the relative strength of the 
BBSAN decreases while the turbulent mixing noise associated with the fine-scale turbulent structures increases. As 
the inlet angle passes approximately 76°, the BBSAN is no longer evident, and the FSS spectrum matches the PSD, 
as displayed in Figure 4(b).  The “FSS only” condition spans a very narrow angular range for 75% ETR; at 
approximately 80° the LSS spectrum must be added in to reproduce the spectral shape (Figure 5(a)). This combination 
region extends to approximately 105°, after which the addition of FSS spectrum no longer improves the agreement, 
and the LSS spectrum matches all except the high frequencies (Figure 5(b)), which have elevated levels due to 
nonlinear propagation [48,49]. In the maximum radiation region (inlet angles approximately 110°-140° at 75% ETR), 
the LSS spectrum captures the overall shape of the peak region of the PSD (Figure 6(a)), but misses several important 
features: 1) multiple spectral peaks [43,44,45], 2) shallower high-frequency slope (of 1/𝑓K) resulting from nonlinear 
propagation [36,37,38,39,48,49], and 3) steeper low-frequency slope.  All three features were noted in prior spectral 
decompositions of high-performance military aircraft [14,15,33], and are discussed in more detail in Sec. V.B. Beyond 
the maximum radiation lobe, the PSD high-frequency slope steepens and better matches the LSS spectrum (Figure 
6(b)).  Then, at larger angles, for high ETR, the high-frequency spectral shape shifts again, and a better match to the 
PSD can be achieved when a combination of the LSS and FSS spectra is used.  This was first shown for a different 
high-performance aircraft engine one-third octave band spectra in Figure 8 of Ref. [14] and then at a closer location 
in Figure 8 of Ref. [33]. It is hypothesized that the fine-scale turbulent structures radiate omnidirectionally and are 
apparent in the spectral shape aft of the maximum radiation lobe, when both the level and, perhaps more importantly, 
the peak frequency of the large-scale turbulent structures are lower. Analysis of spatial trends of the three-way spectral 
decomposition give insights into how the models for turbulent mixing noise and BBSAN spectra do and do not agree 
with spectral levels from the F-35B at different ETRs.  

 
 

a) b)  
 

Figure 4. F-35B PSD at 75% ETR (black) at inlet angles of (a) 35° and (b) 76° compared to the FSS spectrum 
(green), Kuo et al.’s BBSAN model (blue) and the total modeled PSD (cyan).  
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a) b)  
Figure 5. F-35B PSD at 75% ETR (black) at inlet angles of (a) 92° and (b) 117° compared to the FSS (green) 
and LSS (red) spectra and the total modeled PSD (cyan)  

 

a) b)  
Figure 6. F-35B PSD at 75% ETR (black) at inlet angles of (a) 133° and (b) 146° compared to the LSS (red) 
spectrum. 

V. Analyses 

A. Characteristics of the spectral decomposition 
The three-way spectral decomposition was performed at all 71 locations of the ground-based linear array near a 

tied-down F-35B. While there is latitude in fitting the spectral models to the PSD, the fits were guided by the goal of 
creating the best fit in the peak-frequency portion of each spectrum while maintaining smoothly varying OASPL and 
peak frequency, as described in Sec. IV.  The contributions of each spectral component to the OASPL is displayed in 
Figure 7, along with the measured OASPL as a function of inlet angle. An outward spherical spreading correction is 
applied to scale the OASPL to a common distance of 30 m from the MARP; the spherical spreading assumption is 
reasonable in this case because the OASPL is dominated by frequencies not affected by the nonlinear propagation.  At 
75% ETR, the contribution to the OASPL from the FSS and LSS spectra increases and decreases as inlet angle 
increases with the maximum contribution of the FSS spectrum occurring at inlet angles of 75°-100° (relative to the 
MARP). At 150% ETR, similar trends are seen in the FSS and LSS levels. In both cases, the OASPL of the LSS 
component agrees with the measured OASPL in the relatively large maximum radiation region but does so by splitting 
the difference between the multiple spectral peaks, as illustrated in Figure 6(a).   The relative contribution of BBSAN 
to the combined OASPL decreases as inlet angle increases and the turbulent mixing noise becomes more prominent. 
However, a difference is observed between 75% ETR and 150% ETR. The decrease in level with inlet angle, as at 
75% ETR, agrees with prior laboratory-scale studies, while the slight increase seen at 150% ETR does not. This 
difference has been examined in Ref. 30 and is considered in Sec. IV.C. The spatial variations in the three spectral 
models’ contributions to the OASPL follows smoothly varying, expected trends. 
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a) b)  
b) 

Figure 7.  Comparison of the F-35B OASPL (black) at (a) 75% ETR and (b) 150% ETR to the OASPL of the 
modeled spectral components:  LSS (red), FSS (green), BBSAN (blue), and the combination of the three (cyan). 

The peak frequencies associated with the three spectral models also change as a function of angle.  As shown in  
Figure 8, the trends differ for each spectral model. The peak frequency of the BBSAN model increases with inlet 
angle: from 570 Hz at 35° to approximately 1250 Hz at 70° for 75% ETR (Figure 8(a)) and from 390 Hz at 35° to 
approximately 850 at 70° for 150% ETR (Figure 8(b)).  In contrast, the peak frequency of the FSS spectrum remains 
constant across the entire angular range, both at smaller inlet angles and when it re-emerges aft of the maximum 
radiation region.  For 75% ETR, the LSS spectrum’s peak frequency begins at 320 Hz around 80° and remains 
approximately constant over the combination region (80°-105°).  In the maximum radiation region, the peak frequency 
of the LSS spectrum decreases and then levels off around 100 Hz for 𝜃 > 140∘ .  At 150% ETR, a continually 
decreasing peak frequency is used for the LSS spectrum from 800 Hz at 70° to 50 Hz at 152°.  These trends resemble 
the peak-frequency analysis of a different high-performance military aircraft engine shown in Ref. [33], as well as the 
variation in peak frequency shown for the high-temperature, laboratory-scale jet noise studies by Seiner et al. (See 
Figure 16 of Ref. [40]). Closest to the jet axis for 150% ETR, after the strength of the large-scale turbulent mixing 
noise has diminished and its peak frequency has shifted low enough, the PSD is better matched by adding the FSS 
spectrum at a similar peak frequency used present for the sideline and combination regions. 

a)  b)  
Figure 8. Spatial variation in peak frequency of BBSAN (blue), FSS (green), and LSS (red) spectra.	

B. Errors 
A concise way to view the overall performance of the three-way decomposition is with spatiospectral error maps. 

These maps (Figure 9) contain the difference between the F-35B PSD measured on the ground-based array and those 
predicted by the combined LSS, FSS, and BBSAN spectral models; these maps highlight spatial and frequency-
dependent regions where the spectral decompositions do and do not agree well with the measurements. Again, 75% 
ETR is on the left (a) and 150% ETR is on the right (b).  Many regions have remarkable agreement with +/- 2 dB error 
between the measured and modeled PSD.  This agreement indicates that the combination of the turbulent mixing noise 
similarity spectra and Kuo et al.’s BBSAN model account for large portions of the radiated sound.  The regions with 
higher error correspond to limitations of using these spectral models for high-performance military aircraft noise. 
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The largest positive errors occur at high frequencies in the maximum radiation direction, where the measured 
spectral levels are higher than LSS spectrum. The sound levels received in this region (roughly 100∘	to	145∘) are 
sufficiently large for cumulative nonlinear propagation to steepen the pressure waves and, thus, change the high-
frequency spectral slope from the -28 dB/decade predicted by the LSS spectrum towards the -20 dB/decade slope 
associated with nonlinear propagation [39]. This change is greatest at the highest frequencies and affects progressively 
lower frequencies over a wider angular aperture as ETR increases.  Evidence for cumulative nonlinear propagation 
effects for the tied-down F-35 is presented in Refs. [48,49].  The differing high-frequency slope confirm what was 
reported for a different aircraft engine’s noise in Ref. [33]. 

In the forward direction (low values of 𝜃), the high-frequency measured spectral levels are also larger than the 
modeled values. Higher-frequency BBSAN components cause the extra energy seen around 1000 Hz for 𝜃 < 50∘. A 
preliminary attempt to model higher-frequency components of the BBSAN is presented in Sec. V.E. At frequencies 
around 10 kHz and higher, the extra energy in the measured spectra could also be due to waveform steepening. The 
laboratory-scale jet noise study in Ref. [5] provides evidence of nonlinear propagation effects at 𝜃 = 35∘ for heat-
simulated, supersonic, laboratory-scale jet. Previous analyses of high-performance military aircraft noise indicate the 
presence of nonlinear propagation for small inlet angles. A high-frequency spectral slope of 1/𝑓K (as expected for 
shock-containing waveforms) is reported in Fig. 6 of Ref. [33]. At 150% ETR for the F-35B measurements used in 
this paper, the skewness of the time-derivative of the pressure waveforms at forward locations have values larger than 
five in Fig. 5 of Ref. [49]—a significant value as analytical work has shown that a threshold of five indicates the 
presence of acoustic shocks [51].  

Two possible explanations arise as to why this shallower high-frequency slope is not observed in the middle 
angular region (roughly centered around 85°). First, it is possible that the combination of the LSS and FSS spectra 
used in this angular range provides enough flexibility to fit the spectral changes due to waveform steepening.  This 
possibility is constrained by the fairly strict requirements of smoothly varying OASPL and constant peak frequency 
for the FSS spectrum that guide the fitting process.  Second, the low field coherence in this mixing region likely 
reduces the rate at which the waveform steepening occurs.  The field coherence for a different military aircraft engine 
was shown in Ref. [18] and is being shown for the F-35B in Ref. [45]. The low coherence explanation for the lack of 
waveform steepening would also perhaps explain why the smallest inlet angles again have a shallower high frequency 
slope: the strong BBSAN component of the noise in that region is likely highly correlated. 

At the largest inlet angles, the high-frequency portion of the spatiospectral maps show less error.  For the 75% 
ETR case, there is less error for 𝜃 > 145∘ relative to the LSS spectrum.  This decrease in spectral error agrees with 
the decreases in nonlinear propagation effects in this region quantified with different nonlinearity metrics by Reichman 
et al. [49].  A similar decrease in error is seen around 140∘ − 145∘ at 150% ETR.  For larger 𝜃, however, there is a 
distinctive shift in the high-frequency spectral slope—a kink—at which point the FSS spectrum is again added to the 
spectral model. This downstream combination region occurs aft of a location when the LSS spectrum matches large 
portions of the high-frequency slope [14,33].  For the higher engine powers, the maximum radiation region for the 
large-scale turbulent mixing noise has shifted farther from the jet axis (Figure 7b) and has a significantly lower peak 
frequency (Figure 8b), such that the fine-scale mixing noise can be detected in the spectral shape. The addition of the 
FSS spectrum aft of the maximum radiation region at high engine powers follows the work in Ref. [14]; the 
combination of the LSS and FSS spectra—with the same peak frequency for the FSS spectrum as at smaller 𝜃	(Figure 
8b) —improves the high-frequency fit.   

Looking now at the middle frequency range on Figure 9, the negative errors in the 100-800 Hz range (between 
110° and 145°) come from dips in the measured PSD between the multiple frequency peaks (Figure 6(a)). In the 
spatiospectral error maps in Figure 9, these dips are seen as striations and correspond to multiple spectral peaks 
occurring at different angles in the maximum radiation region.  These multiple spectral peaks are a manifestation of 
the multiple spatial lobe that have been observed in the sound field around high-performance military aircraft.  
Evidence for and characterization of these multiple lobes are given in Refs. [14,33,18,52] for a different aircraft engine 
and in Refs. [44,45] for the F-35B measurements used in this paper. 

The large positive errors below 100 Hz in the maximum radiation region are a curious feature.  These errors 
correspond to the fact that the LSS spectral slope below the peak frequency is shallower than is observed in the 
measurements. Examples of this at 75% ETR are shown in Figure 6.  This low-frequency discrepancy was also 
observed in Refs. [14, 15] for different aircraft engines but not in laboratory-scale jet spectral decompositions in Refs. 
[53] (performed by the authors using the same methods as in this paper). The reason for the steep low-frequency slope 
in the maximum radiation region at both 75% and 150% ETR is unknown at the present time, but it appears to persist 
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into the far field, as shown in Figs. 4 and 5 of Ref. [37].  Similarly, the errors seen in the 150% ETR case at low 
frequencies for small inlet angles are not yet accounted for.   

 

a) b)  
Figure 9. Spatiospectral error maps of the three-way decomposition (FSS+LSS+BBSAN) compared to the 
measured PSD on the 71 ground-based microphones at 75% ETR (left) and 150% ETR (right). 

C. Four characteristics of BBSAN 
In nonideally expanded, laboratory-scale jet noise, as well as in theoretical models, BBSAN has four distinctive 

characteristics. Some questions exist as to if these characteristics hold for BBSAN from high-performance military 
aircraft. Vaughn et al. [30] shows the spatial variation in F-35B BBSAN peak level, frequency, and width at 75%, 
100%, 130%, and 150% ETR across the ground-based array. In the current analysis, the BBSAN model parameters 
for the afterburning conditions (130% and 150% ETR) are compared to those reported for a tied-down F/A-18E 
reported by Tam et al. in Ref. [16]. While some of the BBSAN characteristics are the same as the laboratory-scale 
BBSAN, others are quite different; the F-35B and F/A-18E BBSAN modeling efforts currently lead to different 
conclusions. A direct comparison is provided between the two sets of results. 

The most identifiable BBSAN characteristic is the distinctive spectral shape that is steeper on the low-frequency 
side of the peak than on the high-frequency side. Possible spectral models for this shape are described in Sec II.B. The 
distinctive BBSAN spectral shape is seen in both the F-35B BBSAN (see Figure 4(a)) and F/A-18E BBSAN (shown 
in Fig. 13 of Ref. [16].) 

The second BBSAN property of interest is the peak frequency. In nonideally expanded, laboratory-scale jets, the 
BBSAN peak frequency increases as inlet angle increases. Early researchers related this increase in peak frequency to 
constructive interference [4] and perhaps a Doppler effect, at least qualitatively [20].  More recently this shift in peak 
frequency has been explained by Tam’s wavy wall analogy [21,29].  In agreement with laboratory-scale observations, 
the measured F-35B BBSAN at 75%, 100% 130% and 150% ETR all show this same increase in peak frequency with 
inlet angle. For comparison, the afterburning F-35B BBSAN 𝑓()*+ are displayed in Figure 10(a) along with those 
reported in Table 2 of Ref. [16] for the afterburning F/A-18E BBSAN; both agree with the laboratory-scale trend. 

The third BBSAN characteristic is the peak spectral level, 𝐿()*+. In laboratory-scale measurements of BBSAN, 
𝐿()*+ decreases as inlet angle increases. In Ref. [30], it is shown that 𝐿()*+ follows this same trend for F-35B BBSAN 
at 75% ETR, but not for higher ETR. For the F-35B engine at afterburner (after scaling to a common distance), 𝐿()*+ 
first increases slightly then decreases; the change in 𝐿()*+ with inlet angle, relative to the maximum level at each 
afterburning ETR, is shown in Figure 10(b). The total change in 𝐿()*+ across the angular aperture is less than 4 dB, 
but as PSD from repeated measurements deviated by only 1 dB, the 4 dB change can be considered a physical features 
of the afterburning F-35B BBSAN. In contrast, the afterburning F/A-18E 𝐿()*+ (from Table 2 of Ref. [16]) increases 
by less than 2 dB as inlet angle increases over an angular range of 35°-65°. No indication is given as the uncertainty 
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associated with the F/A-18E levels, and it is puzzling that the authors used only four measurement locations to identify 
a contrary trend of increasing 𝐿()*+ since seven points are used to confirm the trend of increasing peak frequency. It 
is only the last of the F/A-18E points that does not follow the trends of the F-35B 𝐿()*+.  The conclusion for the 
afterburning F-35B BBSAN is that 𝐿()*+ increases slightly (from 35° to approximately 50° ) and then decreases, with 
the latter part agreeing with laboratory-scale data. 

 The fourth BBSAN characteristic is the width of the BBSAN spectral model (𝑤>? in Eq. (4)). In nonideally 
expanded, laboratory-scale jets, this width increases as inlet angle increases.  The afterburning F/A-18E BBSAN was 
reported to have the opposite behavior: the width decreases as inlet angle increases.  The F/A-18E widths (from Table 
2 of Ref. [16]) are compared to the afterburning F-35B in Figure 10(c). For the F-35B, 𝑤>? increases as the inlet angle 
increases from 35° to approximately 50° and then decreases at larger inlet angles. There is remarkable agreement 
between 𝑤>? of the F-35B at 150% ETR and the first three F-18E measurement locations, but 𝑤>? reported for the 
fourth location differs greatly; the reason for this difference is unknown.  The trend of decreasing then increasing 𝑤>?, 
shown here for the F-35B afterburning cases, is also observed at 75% and 100% ETR [30]. The decrease in width of 
the F-35B BBSAN over an approximate angular aperture of 35° to 50° occurs at the same angles that 𝐿()*+ increases 
and is opposite the expected laboratory-scale trend. Additional investigation is required to determine the cause. 
To summarize the similarities and difference between laboratory and full-scale jets, the trends for each characteristic 
are compiled in  

Table 1.  In all cases, the BBSAN is observed in the forward and sideline directions and has the same distinctive 
spectral shape and increase in peak frequency as the inlet angle increases.  However, the trends in peak level and 
width used in the BBSAN spectral model are reportedly different between the three cases. 

a) b) c)  
Figure 10. Comparison of (a) 𝒇𝐩𝐞𝐚𝐤, (b) 𝑳𝐩𝐞𝐚𝐤 relative to the maximum at each engine condition, and (c) width 
parameter 𝒒 used in Eq. (4) for the F-35B at minimum (green squares) and maximum (and purple triangles) 
afterburner and the values for the F/A-18E at afterburner (black diamonds) reported in Refs. [16]. 

 
Table 1. Comparison between trends in BBSAN features for laboratory-scale jets, the afterburning F-35B, as 
reported in this paper, and the afterburning F/A-18E reported in Ref. [16]. 

Lab-scale BBSAN  F-35B BBSAN F/A-18E BBSAN 

Sideline & Forward direction Yes Yes  

Distinctive Shape Yes Yes  

𝑓()*+ increases with 𝜃 Yes Yes  

Lpeak decreases with 𝜃 Increases then decreases Increases 

𝑤>? increases with 𝜃 Decreases then increases Decreases  
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D. Estimates of convective velocity 
In addition to the above trends in 𝐿()*+ and 𝑤>? not matching laboratory-scale BBSAN studies, it appears that the 

application of Eq. (1) to high-performance military aircraft noise, or at least the interpretation thereof, is not 
straightforward. In this section, frequency-dependent convective velocity estimates obtained from Eq. (1) are 
compared to estimates based on far-field directivity. When placed in Eq. (1), the collection of measured 𝑓()*+ as a 
function of 𝜃 (shown in Figure 10(b)) yield a system of equations that can be solved via a least-squares method for 𝑢0 
and 𝐿. For the F-35B at 150% ETR, the resulting estimated values are 𝑢0 =1620 m/s and 𝐿 = 0.8 m, similar to 
𝑢0 =1435 m/s and 𝐿 = 0.7 m for the F/A-18E afterburning case in Ref. [16].  While the values of 𝐿	seem reasonable, 
the estimates of 𝑢0 are much larger than expected from the far-field directivity. A measurement arc located at 76 m  
(250 ft) from the MARP for the F-35B case, has peak directivity angles between 125 and 140°, corresponding to 
convective speeds of 450-600 m/s, significantly lower than those estimated via the least-squares solution based on the 
BBSAN peak frequencies and Eq. (1).   

There are a few possible reasons for this discrepancy.  As postulated in Ref. [16], this could be a new noise 
mechanism, perhaps related to indirect combustion noise.  A different interpretation is that the high-performance 
military engine noise, especially at afterburner, reaches conditions (rarely seen in laboratory-scale measurements) in 
which three types of Mach waves are present.  The corresponding Mach numbers for these three types of Mach waves 
were given by Oertel [41], and a theoretical basis for them was presented in Tam and Hu [42].  Seiner et al. [40] 
showed that while the Kelvin-Helmholtz instability waves dominate the noise generation at lower jet temperatures, at 
higher temperatures, a second type of Mach wave, referred to as the supersonic instability wave, appears.  The third 
type of Mach wave was subsonic in all prior laboratory-scale studies. Possibly the different types of Mach waves are 
being generated by the exhaust of an afterburning military aircraft engine and interacting with the shock cells in a 
manner that negates the applicability of Eq. (1).  Further investigation is needed to determine how the variation in  
𝑓()*+ as a function of 𝜃 is related to the convective velocities of these different types of Mach waves. 

E. Higher-frequency BBSAN 
The final analysis is a preliminary investigation into higher-frequency components of BBSAN that can be seen in 

the F-35B PSD at the smallest inlet angles.  In the Harper-Bourne and Fisher model [4], higher harmonics of BBSAN 
were proposed but not evident in their data.  In the original Tam model for the BBSAN spectrum [27,28], the higher-
frequency BBSAN corresponds to higher-order modal frequencies of the waveguide created by the quasi-periodic 
shock cell structure, as described in Sec. II.B.  When the second mode from Tam’s model was used in the spectral 
decomposition of the F-35B noise, it did not produce a reasonable match to the PSD.  The method for fitting the 
second BBSAN component that appears to be more successful is to use Kuo et al.’s BBSAN model [29] but for a 
second harmonic that is wider by a factor of 2; the parameters 𝑓()*+,K = 2𝑓()*+ and 𝑤>?,K = 2𝑤>?	 are used in 
Figure 11 to generate a spectral model for the same angle as displayed in the left plot of Figure 4. The second harmonic 
significantly increases the agreement between the measured and modeled spectral levels over the 1000-3000 Hz band.  
It is possible that additional higher components could potentially improve the fit at higher frequencies.  This 
preliminary investigation shows that further work should be done in developing a model for the higher frequency 
components of BBSAN for high-performance military aircraft noise. 
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Figure 11 F-35B PSD at 75% ETR (black) decomposed into FSS spectrum (green) and BBSAN first and second 
harmonics (blue) with the total modeled PSD (cyan) at an inlet angle of 35.4°. 

VI.  Conclusions  
 
A spectral decomposition has been applied to measurements near a tied-down F-35B that accounts for turbulent 

mixing noise and broadband shock-associated noise and provides insights into the spatial variation in noise from a 
high-performance military aircraft engine.  Many of the observations from the one-third octave band spectral 
decomposition of the turbulent mixing noise from measurements near a different full-scale jet aircraft [14] have been 
confirmed.  Over a small angular range the FSS spectrum matches the F-35B spectral density.  Slightly farther 
downstream, a combination of the LSS and FSS spectra matches the F-35B spectral density and the LSS spectrum 
alone matches just outside the maximum radiation region. In the maximum radiation region, however, the LSS 
spectrum captures only the overall shape of the F-35B spectral density. The LSS spectrum does not account for the 
multiple spectral peaks seen in the maximum radiation region.  In addition, the high-frequency slope of the F-35B 
spectral density is shallower than the LSS spectral shape because of nonlinear propagation [48,49], and the low-
frequency slope of the F-35B spectral density is steeper than the LSS spectral shape.  The cause of the latter is not yet 
known, although it was also seen in previous aircraft engine noise measurements [14,15,36].  Aft of the maximum 
radiation region, the LSS spectrum matches the peak and high-frequency portions of the spectrum.  For higher ETR 
and the farthest downstream locations, the main radiation region shifts forward and the peak frequency is sufficient 
low such that a second combination region is present: A shift in spectral slope at high frequencies is matched by 
including the FSS spectrum with the same peak frequency as that observed to the sideline. The spatial accuracy of the 
spectral decomposition from 20 Hz to 20 kHz have been quantified with error maps that indicate quality of fits and 
highlight remaining discrepancies. The similarity of these conclusions for the F-35B to the prior spectral 
decomposition [14] is significant because of the differences of the engines. This detailed view of the F-35B turbulent 
mixing noise is also the first narrowband application of the similarity spectra to high-performance military aircraft 
noise. 
 A spectral decomposition has been applied to measurements near a tied-down F-35B that accounts for turbulent 
mixing noise and broadband shock-associated noise and provides insights into the spatial variation in noise from a 
high-performance military aircraft engine.  Many of the observations from the one-third octave band spectral 
decomposition of the turbulent mixing noise from measurements near a different full-scale jet aircraft [14] have been 
confirmed.  Over a small angular range the FSS spectrum matches the F-35B spectral density.  Slightly farther 
downstream, a combination of the LSS and FSS spectra matches the F-35B spectral density and the LSS spectrum 
alone matches just outside the maximum radiation region. In the maximum radiation region, however, the LSS 
spectrum captures only the overall shape of the F-35B spectral density. The LSS spectrum does not account for the 
multiple spectral peaks seen in the maximum radiation region.  In addition, the high-frequency slope of the F-35B 
spectral density is shallower than the LSS spectral shape because of nonlinear propagation [48,49], and the low-
frequency slope of the F-35B spectral density is steeper than the LSS spectral shape.  The cause of the latter is not yet 
known, although it was also seen in previous aircraft engine noise measurements [14,15,36].  Aft of the maximum 
radiation region, the LSS spectrum matches the peak and high-frequency portions of the spectrum.  For higher ETR 
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and the farthest downstream locations, the main radiation region shifts forward and the peak frequency is sufficient 
low such that a second combination region is present: A shift in spectral slope at high frequencies is matched by 
including the FSS spectrum with the same peak frequency as that observed to the sideline. The spatial accuracy of the 
spectral decomposition from 20 Hz to 20 kHz have been quantified with error maps that indicate quality of fits and 
highlight remaining discrepancies. The similarity of these conclusions for the F-35B to the prior spectral 
decomposition [14] is significant because of the differences of the engines. This detailed view of the F-35B turbulent 
mixing noise is also the first narrowband application of the similarity spectra to high-performance military aircraft 
noise. 

The other unique part of this study has been the decomposition of the F-35B sound field at small inlet angles into 
FSS spectrum and a BBSAN spectral model. BBSAN was not analyzed in the prior study [14]; BBSAN was not 
evident in the one-third octave band spectra, although ringing in the autocorrelation function at low inlet angles 
indicated its presence [17,18]. In the narrowband F-35B spectral density, the characteristic BBSAN spectral peak 
exceeds the fine-scale turbulent mixing noise at inlet angles of 35°-70°. Kuo et al.’s model for the BBSAN spectrum 
[29] matches the main BBSAN peak.  The peak frequency of the BBSAN increases with increasing inlet angle, as was 
seen in prior laboratory-scale studies and initial investigation of F/A-18E BBSAN [16].  The other two characteristics 
seen in laboratory-scale BBSAN—decrease in peak level and increase in width with increasing inlet angle—are not 
the same as seen for high-performance military aircraft.  The peak and level of the F/A-18E BBSAN behaves in an 
opposite manner, whereas the F-35B BBSAN level first increases then decreases as inlet angle increases from 35° to 
70°, with the width exhibiting the opposite: in decreasing the increasing. Another contradiction between the 
established BBSAN models is that the angular dependence on peak frequency yields estimates of convective speed 
that are much larger than those derived from the “wavy-wall” analogy based on far-field directivity.  This discrepancy 
was also observed for F/A-18E BBSAN [16].  Additional work is needed to clarify the relationship between the peak 
frequencies and estimates of the convective velocity and shock cell length, as well as to explore spectral models for 
higher frequency BBSAN components. 
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