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Published near-field analyses of full-scale jet noise are limited, and the application of 

observed laboratory scale phenomena to full-scale jets is not well understood.  To obtain a 

greater understanding of the connection between radiated noise and source characteristics 

in full-scale, heated, supersonic jets produced by military aircraft, acoustical 

measurements were made in the geometric near field of the jet produced by the installed 

engine on an F-22A Raptor.  In this paper, level-based results are shown, including overall 
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levels, spectral content and how the spectra vary over space.  From these results important 

near-field jet-noise phenomena are identified. 

1 INTRODUCTION 

The noise radiated from jets on military aircraft is not well understood because 

characteristics unique to supersonic, high-temperature, full-scale engines have not previously 

been widely investigated.  A connection must be established between turbulent flow structures in 

a jet and radiated noise in order to understand and improve the impact of noise control measures.  

Extensive measurements were made in the geometric near field of a high performance military 

aircraft to characterize the acoustic environment of maintainer personnel, and to provide greater 

understanding of full scale jet noise phenomena.
1-4

  The purpose of this paper is to provide basic 

analyses of near-field properties, and source characteristics that are inferred from these 

properties, with a focus on phenomena unique to full-scale jet engine noise. 

The majority of today’s jet noise studies have been limited to smaller, laboratory-scale tests.  

Some acoustical data are available for high Mach number flows,
5-8

 but test facilities are generally 

scale, temperature and velocity-limited.  Several notable studies have been performed of 

model-scale jets in the near field,
9-11

 and others of full-scale jets in the far field,
12-14

 but studies 

performed in the near field of military-type jets are few.
15

  This study addresses some jet noise 

phenomena observed from measurements made in the geometric near field of the jet produced by 

an installed engine on an F-22A Raptor. 

2 EXPERIMENT OVERVIEW 

More than 6000 measurement points and the repetition of the measurement over four engine 

conditions make this the most extensive near-field measurement of a jet on a high-performance 

military aircraft to date.  This experiment was designed for a near-field acoustical holography 

analysis,
4,16-19

 although holography results are not presented in this paper.  This section 

summarizes the acoustical measurements made in the geometric near field of an F-22A Raptor.  

First, details about the aircraft, test environment and microphone arrays are presented.  

Additional details about the experiment are described elsewhere by James et al.
1
, James and 

Gee,
2

 and Wall et al.
3
   

2.1 Aircraft and Test Environment 

Researchers at Blue Ridge Research and Consulting and Brigham Young University 

conducted static run-up tests on the Lockheed Martin/Boeing F-22A Raptor.  The F-22A has two 

Pratt & Whitney F119-PW-100 turbofan engines that are each in the 160 kN (35,000 lbf) thrust 

class.  The engine closest to the measurement arrays was cycled through four power conditions: 

idle, intermediate, military, and full afterburner, while the other engine was held at idle. 

During the static run-up measurements the aircraft was tied down in the center of a 24.4 m 

(80 ft) wide concrete ground run-up pad.  Rain-packed dirt was on either side of the pad, making 

the terrain very flat.  Over the short propagation distances in this measurement (<23 m) the 

effects of temperature fluctuations and wind speeds were determined to be minor.  

Meteorological trends near the run-up pad were monitored continuously, and all measurements 

occurred at times that avoided moderate winds and significant temperature lapses.   



2.2 Field Array and Reference Array 

The field array used in this experiment allowed for a series of dense, large-aperture, 

two-dimensional measurements of the sound field.  The microphones were arranged in 5 rows 

and 18 columns with 0.15-m (6.0-in) equal spacing.  The field array was mounted to an extruded 

aluminum guide rail for easy mobility and precision placement. 

Figure 1 describes the measurement locations relative to the aircraft.  In addition to the x and 

z coordinates marked on the schematic, the vertical axis is represented by y, with a positive 

direction pointing up.  The origin of the coordinate system is on the ground directly below the 

nozzle exit.  Red triangles denote the locations of the array center for each “scan” (see Sec. 2.2).  

Planes 1 and 2 were measured parallel to the estimated shear layer boundary.  Plane 3 was 

measured parallel to the jet centerline.  All measurement planes were located sufficiently far 

from the flow to render flow-induced noise negligible. 

In addition to the three planar measurements, an arc-shaped surface was measured in the 

transition region from the near to the far field.  The arc was centered at a point 5.5 m (18.0 ft) 

downstream of the nozzle (marked by a green “x”), with a radius of 22.9 m (75 .0 ft).  The arc 

center represents an attempt to approximate the location of the dominant noise source region, 

although it is understood that this region is noncompact and varies as a function of frequency and 

engine operating conditions.
7
  Measurements were made along the arc at six locations in 10° 

increments from 90° to 140°, and a seventh location at 148°.  All polar angles reported in this 

paper are measured relative to the front of the aircraft (inlet axis) and to the arc center at 5.5 m 

downstream of the nozzle. 

An additional 50 microphones (marked by blue dots in Fig. 1) were placed in a fixed-

location array to allow for the generation of coherent field measurements from temporally 

distinct scans, for the purposes of performing near-field acoustical holography.
4,20

  Although 

holography results are not given here, in this paper the reference array is used to provide overall 

levels and show spectral variation over a large spatial region in the near field from measurements 

made simultaneously.  The reference microphones were placed on the ground 11.6 m (38.0 ft) 

from the jet centerline (in the x direction) and spaced 0.61 m (2.0 ft) apart.  With references on 

the ground, multipath interference due to ground reflections was avoided.   

The sequence of cycling through the four engine conditions and recording data, with the 

field array and reference microphones in a single fixed location, is referred to as a “scan”.  Scan 

locations of the field array are marked by red triangles in Fig. 1.  Each measurement plane shown 

in Fig. 1 was composed of a set of scans made along the length of the jet and at several heights. 

3 RESULTS AND DISCUSSION 

This section presents several results of the near-field experiment described above, with an 

emphasis on level-based analyses.  Specifically, OASPLs, spectral content and the variation of 

the spectra over space are examined for subsets of the data.  In each subsection, measurement 

results are presented, followed by a discussion of the corresponding physical phenomena that are 

important for understanding full-scale jet noise. 

3.1 Overall Sound Pressure Levels 

In order to characterize the aircraft maintainer environment the OASPLs over the measured 

spatial aperture are given.  Important clues about jet-noise radiation characteristics can be 

obtained by observing the change in overall radiation patterns as a function of engine condition.  



Figure 2 shows OASPLs measured by the field array for afterburner engine conditions.  The 

OASPLs measured by the reference microphones, averaged over several scans, for all four 

engine-power conditions, are shown in Fig. 3.  The directly measured levels, represented by 

black dots, show a somewhat “noisy” variation in level along the reference array.  These local 

variations are a result of a slight bias in the field-calibrated microphone sensitivities.  To correct 

for this uncertainty in calibration, a set of weighting factors was derived by visual inspection of 

the variation in the levels of the intermediate case.  These resulting factors were then applied to 

all scans and engine conditions, and the resulting “filtered” results are represented by the solid 

lines.  The dashed lines represent 1 standard deviation of the OASPL at each location. 

The reference microphone array, placed along the ground at a perpendicular distance of 

12.0 m (39.5 ft) from the center of the aircraft, was near the 42-ft “foul line” position where 

aircraft maintainer personnel often stand in relation to the jet on the deck of an aircraft carrier.  

Figure 3 shows that, at afterburner conditions, there is a 25-m region where the OASPL exceeds 

140 dB re 20 μPa, and a 5-m region where the OASPL exceeds 150 dB re 20 μPa.  The levels at 

the head of an aircraft maintainer are expected to be slightly lower, since the measurements here 

experienced a level boost due to the ground reflection, and were taken 0.76 m closer to the jet 

than the foul line position.       

The relative locations of maximum-level regions from one measurement plane to the next, 

shown in Fig.  2, as well as the distinct maximum-level regions in Fig. 3, demonstrate a strong 

lobing of the overall radiation in the aft direction for military and afterburner conditions.  

However, two important distinctions between military and afterburner conditions exist in the 

results.  The first is that the maximum region measured along the reference array in Fig. 3 shifts 

forward two or three meters as engine condition increases from intermediate to afterburner.  This 

corresponds to a forward shift of about 10 and is likely due to an increase in the convective 

speed of large-scale turbulence structures (see Figs. 2.2.9 and 2.2.10 of reference [21]. 

The second distinction is that the high-amplitude sound field region within the measurement 

aperture for afterburner conditions is more spatially compact than that for military conditions, as 

shown in Fig. 3.  Since the measurement aperture is limited to the near field, the exact 

differences in the principal radiation lobes are unclear.  Certainly, a simple difference in how the 

reference array “slices through” two different lobes of similar shape but different orientation 

would alter the spatial extent of a maximum region.  It is also possible that a change in the nature 

of the source could lead to a narrower principal lobe at afterburner conditions than at military, 

but a rigorous directivity analysis is precluded here by the lack of far-field data. 

3.2 Spectral Analysis 

Turbulent structures within a jet vary greatly in their length and time scales.  This manifests 

itself in the broadband spectra of measured jet noise.  In this subsection an examination of the 

measured spectra and a spatio/spectral analysis of the near field radiation lead to insights 

regarding the dependence of jet noise characteristics on frequency. 

3.2.1 Spectral content 

The spectral content in the near field is represented here by the frequency-dependent sound 

pressure levels (SPLs) measured for all four engine conditions at two key locations within the 

field.  The first, at z = 5.5 m downstream (corresponding to an angle of 90 with respect to the 

front of the aircraft) is shown in Fig. 4a, and a second at z = 15.2 m downstream (corresponding 

to 130) is shown in Fig. 4b.  These locations are important because previous studies often 



indicate that jet noise is composed of two distinct source components: fine-scale turbulence that 

dominates the sideline radiation, and large-scale turbulence structures that dominate the 

downstream radiation.
22,23

  The one-third-octave SPLs represented by solid lines in Fig. 4 have 

been averaged over all scans.  The dashed lines show 1 standard deviation of the SPLs at each 

frequency and engine condition.  Data for the upper frequencies of the idle and intermediate 

conditions are not included because they are contaminated by engine noise components.  The 

legends of Fig. 4 list the mean values and standard deviations of the OASPLs corresponding to 

each condition. 

A comparison of Figs. 4a and 4b indicates that the higher frequencies tend to dominate the 

noise to the sideline, while lower frequencies dominate in the downstream direction.  For 

example, at z = 5.5 m downstream the maximum frequencies are within the 400-Hz one-third 

octave band for intermediate engine conditions, the 630-Hz band for military conditions, and the 

800-Hz band for afterburner conditions.  However, at z = 15.2 m, the maximum-frequency bands 

are 100 Hz for intermediate, 250 Hz for military, and 125 Hz for afterburner conditions.  Note 

that the spectra for idle engine power at both locations do not have as well defined of a 

characteristic “haystack” shape; hence it is more difficult to draw conclusions about the 

dependence of dominant frequencies on location with these data. 

The spectral dependence on location is qualitatively consistent with the popular two-source 

jet-noise model.  Schlinker,
5
 and Laufer et al.

22
 were the first to observe that there are two 

independent sources of jet noise: one source generated by large-scale turbulent structures that 

radiates preferentially in the aft direction and generates Mach waves, and a source generated by 

the fine-scale turbulence that dominates to the sideline of the jet.  Tam et al.
23,24

 developed 

empirically determined similarity spectra to characterize the noise radiated by these two sources 

for any jet.  The application of the two-source similarity spectra to high-power jet noise is under 

investigation.
25

   

It is interesting to compare the spectral shapes shown in Fig. 10 for military and afterburner 

engine conditions measured at z = 15.2 m.  With the increase in power from military to 

afterburner, high frequencies are boosted by about 3 dB, while low frequencies are boosted by 

about 8 dB.  This is accompanied by a double peak near the dominant frequencies.  The double 

peak is not found in laboratory-scale jet noise, but is observed in other full-scale jet ground 

run-up measurements.
12,15,26

  The lower-frequency spectral peak might, in part, be due to the 

impingement of the jet flow on the ground as it expands downstream of the nozzle, which is 

referred to as “scrubbing.”
27

  However, Greska and Krothapalli,
14

 show a double peak in the 

spectra of an F404-GE-402 jet engine, which was mounted 5.5 m above the ground, which 

virtually eliminated scrubbing effects.  Evidence of a double-peak also appears in flyover 

measurements of the F-15 ACTIVE Aircraft
28

 and in flyover measurements of a military jet by 

McInerny et. al.
29

  The presence of this feature in full-scale jet noise merits further study. 

3.2.2 Spatial/band-level maps 

The spectral variation along the rig planes and the reference array may be used to infer 

indirectly source characteristics.  First, Fig. 5 shows SPL maps of several one-third octave bands 

measured using the field array at plane 2 (see Fig. 1).  Figure 5a contains the SPLs measured at 

military engine power, and Fig. 5b displays afterburner conditions.  The corresponding one-third 

octave band center frequency in hertz is displayed in the bottom right corner of each map.  A 

color axis that spans 20 dB is used in each map for consistency.  Vertical black lines in both 

figures mark the edges of the regions were all SPLs in the column drop at least 3 dB below the 

maximum SPL.   



Before proceeding to level-based maps for the reference array, some comments about what 

is readily learned from Fig. 5 are merited.  First, as is characteristic of jet noise, both the maps 

for military and afterburner show that the maximum-radiation region (demarcated by the 3-dB 

down points) moves upstream and generally becomes more compact as frequency increases.  

Second, there is also some indication that the location of this dominant region is asymptotically 

approaching some limit downstream of the nozzle for these conditions.  This is supported by the 

level maps of higher frequencies (not shown).  Although this is a field measurement, rather than 

a source measurement, the upstream movement and spatial constriction of the maximum-level 

region with increasing frequency agrees, in principle, with  Lee and Bridge’s
8
 phased-array 

estimates of the dominant aeroacoustic source region in heated model-scale jets. 

The rig-based SPL maps in Fig. 5 contain horizontal null regions due to multipath 

interference effects from reflections off the run-up pad.  Although these interference nulls are 

present in realistic run-up and take-off environments, and can be useful in understanding source 

characterisics,
30,31 

the additional spatial variation of spectral levels due to the presence of a 

reflecting plane can make examination of spectral trends more difficult.  Therefore, it is useful to 

examine level-based maps measured by the reference array, which was placed on the ground.  

SPLs as a function of one-third-octave band-center frequency and location in z are displayed in 

Fig. 6 for military and afterburner engine conditions.  The contour lines represent step sizes of 

1 dB, and all color axes span a range of 20 dB. 

Figure 6 reveals the trend that the region of maximum level in the near field moves upstream 

and constricts spatially with an increase in frequency for both engine conditions.  It also 

demonstrates further the two-peak phenomenon seen at afterburner and military powers in Fig. 

4b.  In Fig. 6b, there appears to be two distinct, dominant, spatio/spectral components, or regions 

of local maximum level.  The high-frequency component dominates farther upstream and the 

low-frequency component dominates in the downstream direction.  For the afterburner 

conditions shown in Fig. 6b, the spectra between        and        all contain a local 

maximum frequency near 125 Hz.  However, the local frequency maxima of the second 

component are spatially dependent.  Near        the dominant frequency is about 250 Hz, but 

shifts gradually to 800 Hz near      .  The results of military conditions are qualitatively 

similar in Fig. 6a.  

Caution should be used in drawing conclusions about far-field directivity from the spatial 

maps in Figs. 3 and 5-6, since the measurements were taken in the geometric near field.  For 

example, note that the farthest-aft portion of the arc is only about 8 m from the estimated shear 

layer location.  In addition, although the features are similar, when the angular locations of either 

the arc or the reference microphones are used, similar features for the afterburner spectra are 

farther aft by 5-10° relative to far-field F-22A spectra shown previously by Gee et al.
12

 

4 CONCLUSIONS 

Turbulent jets from full-scale engines on military aircraft are some of the largest and most 

complicated noise sources of interest in aeroacoustics.  This paper describes basic results of 

measurements made in the geometric near field of the jet on an F-22A Raptor.  It is shown here 

that an increase in engine power from military to afterburner conditions results in a 

forward-shifting of the noise radiation and a possible increased lobing effect.  It is also shown 

that, in the downstream direction, as engine power increases from military to afterburner engine 

conditions the low-frequency noise components increase much more rapidly than high-frequency 

components.  This is coupled with the occurrence of two distinct maximum regions in the level 

maps as a function of frequency and location: a low-frequency component that dominates 



downstream and where the maximum frequency is nearly independent of location, and a high-

frequency component that dominates upstream with a location-dependent maximum frequency. 

The scope of the measurements made in this experiment provides for a detailed 

characterization of full-scale jet-noise sources and the near sound field using near-field 

acoustical holography methods.  The extensive measurements should also allow for future 

beamforming, near-field correlation and coherence, vector acoustic intensity, partial field 

decomposition and nonlinear shock-formation analyses.  These analyses can expand the 

understanding of high-power jet noise properties in the near field and help to determine 

important jet-noise source characteristics. 
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Fig. 1 - Schematic of the measurement locations, relative to the aircraft.  The estimated shear 

layer boundary is marked by green dashed lines, and the green “x” delineates the 

estimated maximum-noise-source region and the center of the arc. 

 

 

Fig. 2 - OASPLs measured in the geometric near field at afterburner engine conditions.  Levels 

are plotted at their three-dimensional locations. 



 

Fig. 3 - OASPLs measured along the ground 12.0 m from the jet centerline by the reference 

array, for all engine power conditions.  Black dots indicate averages of directly 

measured values and exhibit slight spatial noise due to microphone-sensitivity biases.  

Smoothed data are shown by a solid colored line, and  1 standard deviation over all 

scans is represented by colored dashed lines. 

 

(a)   (b) 

Fig. 4 – One-third octave spectra measured along the reference array at (a) z = 5.5 m 

downstream (90), and (b) z = 15.2 m downstream.  Solid lines represent SPL values 

averaged over all scans.  Dashed lines represent 1 standard deviation.  The legend 

includes the mean values and standard deviations of the respective OASPLs.  The upper 

frequencies of idle and intermediate are not shown due to engine-noise components. 



 

 

Fig. 5 - SPLs measured at plane 2 for several one-third octave bands at (a) military and (b) 

afterburner engine power conditions.  Vertical black lines indicate the regions where 

SPLs are within 3 dB of the maximum SPL.  The number at the right of each plot is the 

band center frequency in Hz. 

 

 

(a)  (b)  

Fig. 6 – One-third octave spectral variation over location along reference array at (a) military 

and (b) afterburner  engine conditions.  Each contour line represents a step size of 1dB. 

(a) (b) 


