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Background and Current State of Research 

 
Accurate estimates of the vibroacoustic loading placed on space vehicles and payloads during launch 

require knowledge of the rocket noise source properties.  Given the extreme nature of acoustic 

environments near the plume, data sufficient to characterize the noise source region have been difficult to 

acquire.  Without these data, structures may be designed to handle an insufficient or excessive 

vibroacoustic load. 

 

Since 2004, Brigham Young University has been extensively involved in NASA Stennis Space Center’s 

STTR program to develop energy-based acoustic sensors capable of making acoustic measurements near 

the plume.  These acoustic probes will help guide and directly improve modeling of vibroacoustic loads.  

The probes, which have been developed in conjunction with Larson Davis, STI Technologies, and GRAS 

Sound and Vibration, operate on the principle of making acoustic pressure measurements at multiple 

closely spaced locations and then processing the acquired pressure data to extract particle velocity, 

acoustic energy density, and acoustic intensity.   

 

The current probe as developed by Brigham Young University, STI Technologies, and GRAS Sound and 

Vibration is shown in Fig. 1 as it was deployed for a GEM-60 horizontal static firing at ATK in 

Promontory, UT.  It consists of a 2.54-cm (1-in) diameter aluminum sphere with four flush-mounted 

GRAS 40BH pressure microphones in a tetrahedral arrangement That are powered by two two-channel 

power supplies.  At the culmination of the current Phase II STTR award, four probes will be delivered to 

NASA Stennis. 

 
The primary purpose of the current STTR award was to develop an energy-based acoustic probe capable 

of use in high-temperature, high-pressure acoustic fields.  NASA emphasized that the probe was to be 

tested in rocket noise environments to ensure that it functioned in the environment for which it was 

intended.  Consequently, in addition to laboratory measurements, static firings have been performed on 

GEM-60, Space Shuttle Reusable Solid Rocket Motor (RSRM), 5-in center perforated nozzles, and 

shuttle booster separation motors.  These results have confirmed that the probe functions properly in harsh 

rocket firing environments with high acoustic pressures.  A photograph in Fig. 2 shows the downstream 

location (red arrow) of the probe prototype relative to the RSRM plume, where it was subjected to peak 

acoustical levels that exceeded 175 dB and a high radiation heating environment.   In the 5-in center 

perforated nozzle (shown in Fig. 3) and booster separation motor tests, our ability to place the probe very 

close to the plume resulted in peak levels that exceeded 180 dB. The field testing has been successful and 

has led to further areas of research and development that should be investigated.   
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Figure 1.  Picture of energy-based acoustic measurement sphere as mounted on a tripod near a GEM-60 

motor at ATK in Promontory, UT.  The probe was located 75 ft downstream and 65 ft from the centerline. 

 

 

 

 
Figure 2.  Photograph of the RSRM firing on 5/1/2008 at ATK.  The NASA probe (red arrow denotes 

approximate location) was located 225 ft downstream at a 45° angle from the nozzle exit plane. 

 

 

 
Figure 3.  5-in CP nozzle burn, where the probe (red arrow) is just to the side and above the plume.   

 

Probe 
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Proposed Research and Development 

 
The goals of the Phase II STTR effort have been largely satisfied and significant progress toward NASA’s 

goal to characterize rocket noise source locations has been made.   The focus of the proposed research and 

development is to continue the present line of research and development to provide NASA with a 

complete package including sensors, data acquisition software, post-processing and data visualization 

software, and test guidelines that will allow for the localization of noise sources within the rocket plume.  

To fully utilize the sensors that have been developed for rocket noise source characterization, NASA 

requires a complete instrumentation and data processing system that has: 

 

A) design refinement for additional probes to complement and extend the useful frequency range of 

the existing hardware to lower frequencies; 

B) methods for calculating energy-based quantities that are optimized for the rocket noise 

environment and probe geometry;    

C) localization algorithms that utilize the energy-based measurements to estimate noise source 

regions within the plume; 

D) data interpretation to present the information in a graphical fashion most useful to NASA 

personnel; and 

E) data collection on full-scale liquid and solid motors prior to system delivery to provide 

recommended locations for probe locations during future tests. 

 

These four areas of research are briefly described in the following sections.  A future proposal 

would detail in greater depth the exact steps to be taken in each effort. 

 

 

A)   Additional Probes 

 
Four probes will be delivered under the present STTR award.  Although the sphere-based probe has 

certain advantages, other potential candidates for the design of energy-based acoustic probes exist.  BYU 

has performed some preliminary work on an open tetrahedron design, in which four amplitude and phase 

matched 6.35-mm (0.25-in) microphones are located inside a tetrahedral frame (see Fig. 4).  A design 

such as this may allow for greater flexibility in microphone spacing and thereby allow one to readily 

optimize a given probe for low or high frequencies.  Cost reduction and greater ease of calibration are 

also likely to be part of other probe designs.  Additional probes to complement the current hardware will 

enable NASA to optimize an array of these energy-based sensors in terms of location in the field versus 

frequency content for different-sized rockets. 
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Figure 4.  Four microphones mounted in a tetrahedral frame as deployed during a GEM-60 test. 

 

 

B)  Estimation of Energy-Based Acoustic Quantities 

 
The current STTR has resulted in study of the standard expressions

1
 for acoustic particle velocity, energy 

density, and intensity, as estimated using sets of closely spaced pressure microphones.  Because these 

expressions employ finite differences between pairs of microphones to estimate gradients, instrumentation 

phase mismatch can cause significant errors at low frequencies where wavelengths are large.  Also, for a 

given sensor separation distance, finite-difference bias errors place a limit on the useable high-frequency 

limit. 

 

Based on the measurements in the rocket noise fields thus far, the size of the noise source region may 

allow one to assume that the sound waves passing by individual transducer elements on a probe are 

locally planar (meaning they should have the same magnitude response).  This result is shown to be 

plausible in Fig. 5 for the four microphones on the sphere during the GEM-60 test, where the deviation 

between the spectrum for various sensors is <1 dB up to nearly 2 kHz.  (Above 2 kHz, spherical scattering 

effects around the probe cause deviations between the individual elements.)   A locally planar assumption 

could result in new expressions for the estimation of particle velocity, acoustic intensity, and energy 

density that do not require explicit finite-differencing between microphones.  This improved processing 

could result in more accurate energy-based calculations for the same probe hardware.  In addition, if the 

probe hardware is optimized to ensure a local plane-wave assumption, the bandwidth of the energy-based 

measurement could be significantly improved.  Finally, if the scattering effects that cause the local plane 

wave approximation to break down at high frequencies are incorporated into the calculations, the 

measurement bandwidth may be further increased.  Preliminary work on these ideas was recently carried 

out by Thomas
2
 but further analytical, numerical, and experimental testing is required.  This work will 

ensure that NASA has optimized signal processing routines to obtain energy-based measurements for 

sufficiently low and high frequencies in the rocket noise environment. 

1 
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Figure 5.  Spectrum as measured at all four microphones on the sphere shown in Fig. 1. 

 

C) and D)  Source Localization Algorithms and Data Interpretation Routines 

 
Prior to discussing proposed efforts in developing acoustic source algorithms, some review of past and 

present work carried out by BYU is worthwhile.  The Acoustics Research Group at BYU has long been 

involved in efforts to characterize noise sources using energy-based measurements.  Some of these efforts 

have involved the use of simultaneous pressure and particle velocity measurements to reduce 

measurement locations when performing near-field acoustical holography
3
.  Others have involved NASA 

GRC-sponsored development of a scanning vector acoustic intensity measurement system for 

qualification of scientific space hardware on the International Space Station
4
. A screenshot for the vector 

intensity produced during a system test is shown in Fig. 6. 

 

 

 
 

Figure 6.  Software display of intensity vector field (left) and magnitude (right) maps as produced by a 

previous measurement system developed by BYU for the Acoustical Testing Laboratory at NASA Glenn 

Research Center.  The field plot shows the intensity map produced by three loudspeakers configured as two  

in phase sources with an out-of-phase source in the middle (i.e., a sink).  
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Because of the potential utility of energy-based measurements in localizing sources, a feasibility study of 

using the probe to calculate the acoustic intensity vector in a rocket field was investigated during a series 

of 5-in center perforated nozzle tests at ATK.  These burns, which last about 4 s, are designed to test the 

thrust equivalence of batches of solid propellant; consequently, the test area is not idealized for acoustic 

tests.  Nevertheless, because a few dozen motors are tested on a given day, this allowed us to move the 

probe and three open-frame tetrahedral probes from point to point during the test and thereby map out the 

energy flow in the field.  The rig-mounted probes are shown in Fig. 7. The results, shown in Fig. 8, 

clearly demonstrate a shift of the highest magnitude intensity vectors from downstream to close to the 

nozzle exit plane (0,0) as a function of frequency.  The results clearly indicate the dominant aeroacoustic 

source region as a function of frequency, as the extended source region at 100 Hz gives way to an 

increasingly localized region that moves closer to the nozzle at higher frequencies.  These results 

demonstrate the promise of using energy-based measurements to 

 

a) localize source regions as a function of frequency; 

b) understand energy flow in the acoustic near field to properly model the vibroacoustic loading on 

the launch vehicle; 

c) characterize the transition from the acoustic near field to the acoustic far field, which is not well 

understood and which can be important for modeling of vibroacoustic loading on structures near 

the launch site. 

 

 

 

   
Figure 7.  Rig containing spherical probe and three open-frame tetrahedral probes. 

 
 

Using Fig. 8, one derives noise source locations from a visual inspection of the intensity map.  However, 

source localization and characterization can be better carried out using localization algorithms, especially 

when the measurement grid cannot be made as dense as that in Fig. 8.  Near-field acoustical holography
5
 

and beamforming
6
 are examples of source localization algorithms applicable to continuously distributed 

noise sources.  A study of these and other existing algorithms and how they might be applied with a 

limited number of energy-based sensors to the localization of rocket noise sources is necessary for NASA 

to be provided a solution to the source characterization problem.   
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Figure 8.  Vector intensity viewed from above the motor for various frequencies from 100 Hz to 10 kHz.  The 

nozzle exit is at (0,0) and the edge of the plume makes a 12° angle from the centerline (+Y axis). The 36 

different sensor locations clearly demarcate the dominant source region for each frequency.  The vector at 

each position is actually two vectors superposed from different motor burns, showing the similarity of the 

acoustic field created by each motor.  This recently-obtained result is a unique advancement within 

experimental rocket/jet aeroacoustics research. 
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E)  Measurements 

 
In conjunction with the development of new hardware and processing, testing of the system on rockets is 

essential prior to system delivery.  The ATK test facility in Promontory, UT is approximately 2 hours 

away from BYU and we have built a relationship with various project managers and their test services 

director.  Although not guaranteed, they will likely continue to allow us to make near-field measurements 

during static solid motor tests.  If the proximity of BYU to ATK is used as a resource, this would allow 

for multiple, cost-effective tests on different scale motors during the development process.  In addition, 

tests could be made at NASA MFSC and SSC on both solid and liquid motors. 

 

Summary 

 
In this paper we have sought to restate that the success of the Phase II effort has led to a few specific 

directions for future work needed to complete development of a system that can characterize the noise 

source regions in rocket plumes.  These directions consist of design refinement for additional probes to 

complement and extend the useful frequency range of the existing hardware to lower frequencies, the 

development of methods for calculating energy-based quantities that are optimized for the rocket noise 

environment and probe geometry, the development of localization algorithms that utilize the energy-based 

measurements to estimate noise source regions within the plume, the development data interpretation 

methods to present the information in a graphical fashion. It is also proposed that the complete system 

(sensors and software) be validated with data collection on full-scale liquid and solid motors prior to 

system delivery to provide recommended locations for probe locations during future tests.  The proposed 

research and development would result in an energy-based measurement and data processing system to 

aid NASA in their assessment of the vibroacoustic loads induced by current and future rockets. 
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