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Figure 2.2.6 Transfer function magnitude for GRAS 47AC microphone set. 3 of 15 
measurements are shown. Frequency resolution 0.1 Hz. 

The transfer function for the 47AC microphones is consistent for different measurement 

conditions. Phase values are below 6˚ of mismatch except for 44-47 pairs that start at 10˚ and then 

decay near zero degrees. The 45-46 pair is the best phase-matched for this set, having a maximum 

mismatch lower than 1˚ at 0.1 Hz. The magnitude plot shows the close similarity for mixed and 

highway traffic conditions related to the higher vehicle speed. Also, note the magnitude deviation 

is lower than 0.5 dB for all microphone pairs from 0.2 Hz and above. Although there were 15 

measurements in the infrasonic range, only the data with a coherence higher than 0.99 builds the 

instrument mismatch’s average curve. 

2.2.3.2 Sound Pressure Level, Coherence, and Transfer Function for GRAS 46AE 

Figure 2.2.7 shows the autospectra level averaged across the probe using GRAS 46AE set. Each 

measurement was made driving at different traffic and speed conditions. There were 9 

measurements done with GRAS 46AE, although only three are shown for convenience. 
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Figure 2.2.7 Autospectra level averaged across the probe for 46AE microphones. Mixed traffic 
(dash line) is almost the same as highway (dot line) but a lower speed. 

The levels in Figure 2.2.7 are over 65 dB on average for the infrasound portion. Each line 

represents a different time and traffic condition. The microphones are sensing the maximum 

energy in the 0.5 to 4 Hz range, although there is still energy over 65 dB up to 25 Hz.  

 

Figure 2.2.8 Coherence for GRAS 46AE six pairs combination. The measurement on highway 
traffic shows a slightly higher coherence values in general. The speed for the highway driving 

was 70 MPH on average for 20 minutes recording. 
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    Equation 2.3-1 

In this equation the term 𝛽𝛽 refers to the ratio between microphone distance d and the radius 

to the source r,  

𝜷𝜷 = 𝒅𝒅 𝒓𝒓⁄ ≈ .𝟎𝟎𝟎𝟎𝟎𝟎
𝟐𝟐𝟐𝟐

≈.𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎        Equation 2.3-2 

The values for this setup give an estimate intensity error of 15 × 10−6 dB. In this case the 

assumption made regarding the ratio between the wavelength and microphone distance is still 

valid. 

 

2.3.3Balloon measurement  

2.3.3.1 Setup, source and weather condition 

The measurements were made in an open field to reach a plane wave field. There was a zero to 

very low wind condition; this supposes the source located vertically above the flames and 

negligible wind noise. The microphones were placed on a reflective board and surrounded by a 

thick windscreen shown in Figure 2.3.2. This setup is made following the measuring work36,37. 

The probe was the same in the car experiment: line abreast array and the maximum distance 

between the microphone is ~6 diameters. Also, the microphones were aligned to be perpendicular 

to a radial line for equal excitation conditions. For this case, the distance to the source was ~29 m 

considering a straight line from the source to the probe.  
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Figure 2.3.2 Left: Burner picture. Right: Microphone probe configuration with reflective 
board and windscreen. 

 

2.3.4 Results 

A total of 6 data set were measured for each microphone set. Autospectra and coherence plots 

showed good consistency between channels and between each measurement. Coherence is near to 

1 from 0.5 Hz and up to 1 kHz for all the measurements.  Frequency resolution for figures shown 

in this section is 0.1 Hz. 

2.3.4.1 Sound Pressure Level, Coherence & Transfer Function for GRAS 47AC 

The autospectra for six measurements are shown in Figure 2.3.3. Although the period was set to 

be 3 seconds, the fundamental frequency found is not an exact multiple of the designed period. 

This fact is due to the burner cycle has a decaying delay until it reaches its idle state. 
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Figure 2.3.3 GRAS 47AC autospectra from the burner field calibration. Six measurements 
and 4 channels for each microphone  

Coherence is shown in Figure 2.3.4. Values are close to one for most of the range shown. 

Each subplot corresponds to different measurement time and each line corresponds to the different 

pair combination. 

 

Figure 2.3.4 GRAS 47AC coherence from six measurements at the burner calibration. Each 
line represents each pair combination 
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Figure 2.3.5 and Figure 2.3.6 show the transfer function for the six pair combination at 

each subplot. Besides the six measurement times are represented for the different lines. 

 

Figure 2.3.5 GRAS 47AC phase mismatch at the burner experiment. Six pair combination 
with the different measurement time. 

Transfer function plots (phase and magnitude) represents the instrument mismatch for the 

GRAS 47AC microphone set.  

 

Figure 2.3.6 GRAS 47AC magnitude mismatch. Six pair combination with six measurements. 
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Figure 4.2.3 Axial location of apparent sources as a function of Strouhal number for 
chemical rockets. 

A short analysis of this figure shows that the location difference between 1 Hz and 1 kHz 

is 30 diameters following the ref. 13 extrapolated line, as is shown in Figure 4.2.3. Dotted red lines 

mark the intersection for the selected frequencies. Assuming there is no interference between the 

plume and the microphones, the source location differs 30 nozzle diameters between 1 Hz and 1 

kHz. The geometric relation between the probe and the rocket for the 30 diameters shift would 

show a change in intensity direction ranging between 3˚-6˚, depending on the measuring station 

location. 











 83 

 

Figure 4.3.2 Large spacing probe location for the Artemis booster rocket static test using 5 m 
triangle. 

 

4.3.2 Measurement analysis for GRAS 46AE 

The autospectra have a maximum at 4-5 Hz, as is shown in Figure 4.3.3. This peak is present at a 

much lower frequency value than the previous rocket at 20-25 Hz. The rocket motor diameter is 

larger than GEM63, therefore the lower frequency value for the autospectra peak. The curve below 

1 Hz shows a roll-off and better agreement between the four channels compared to previous 

GEM63 test. The frequency resolution for these plots is 0.1 Hz due to the more extended recording 

available. 

Note in Figure 4.3.3, the coherence is much higher compared to the previous section’s 

results; this means the signal was not contaminated. The drop starts at 1 Hz approximately although 

the values remain high below that point. The explanation is the weather since lower wind speed 
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generates lower wind noise. Besides, because of the rocket motor characteristics, the peak of 

energy is at a lower frequency range compared to the GEM63 rocket. 

 

Figure 4.3.3 Autospectra and coherence with the GRAS 46AE and triangle probe. Frequency 
resolution is 0.1 Hz 

Even though the experimental setup differs for each rocket, this analysis compares the 

match between intensity direction and probe orientation and the similarity of the autospectra level 

and intensity magnitude at each location. Figure 4.3.4 shows the intensity calculations. In this case, 

a frequency resolution of 0.25 Hz is used to make the plots match the last rocket measurement 

criteria. 

The error reduction in the intensity direction is not so evident in this case. The calibration 

improves the results, but the correction amount is not as much as it was for the smaller probe.  The 

acoustic phase increase due to the microphone spacing explains this by increasing the ratio 

between acoustic phase and instrument mismatch.  
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Figure 4.3.4 Intensity direction comparison between calibration and original data for Artemis 
rocket test using GRAS 46AE and triangle probe. Plots made with 0.25 Hz frequency 

resolution. 

The variation shown in these intensity direction results is also present as it was for GEM63 

rocket tests. Noise and random scatter present at test field affect the intensity direction, with 

variations of ±3˚ above 8 Hz, and less than ±5˚ between 1-8 Hz range. Also, above 400 Hz, the 

intensity direction becomes random. The low autospectra levels cause this error surge for 

frequencies over 400 Hz, reaching the acquisition system floor noise. Coherence has a steep roll-

off starting at 100 Hz; therefore, the signal at higher frequencies is contaminated or just random. 

This limitation is part of the trade-off between the instrument separation distance and coherence. 

The drift and ringing do not affect the results so hard compared to the small spacing probe. 

The difference between the calibrated direction and the raw data is higher in this case, having +8˚ 

for 1 Hz and more than 30˚ below 0.75 Hz. Besides, for the 1.5-6 Hz range, the intensity direction 

converges to -2˚ approximately, which is in agreement with the experiment setup. The direction 

trend difference between the 1.5-6 Hz range and higher frequencies is about 2˚ to 3˚. It is related 
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to the source location characteristics, which are not compact, having a difference of 30 nozzle 

diameters between the lowest and highest frequencies, as is shown in Figure 4.2.3.  

 

 Figure 4.3.5 Intensity magnitude comparison with correction, original data and autospectra 
for Artemis rocket test using GRAS 46AE and triangle probe. Plots made with 0.25 Hz 

frequency resolution. 

The acoustic intensity magnitude is underestimated below 2.5 Hz and shows disagreement 

with the raw data level until it reaches 0.5 Hz. The magnitude error is related to the instrument 

mismatch below 3 Hz. The probe spacing of 5 m reduces the error below the limit shown for 0.25 

m spacing, having an intensity calculation improvement from 18 Hz to 3 Hz. The difference 

between calibrated data and raw data shows a small disagreement until ~3 Hz, where the 

instrument mismatch becomes small relative to the acoustic phase obtained with the 5 m spacing. 

4.3.3 Measurement analysis for GRAS 47AC 

The autospectra show a maximum of 88.5 dB at 4-5 Hz, as is shown in Figure 4.3.6. The 

microphone with serial number ending in 47 had a faulty cable; therefore, it will not be included 

in this section. The frequency resolution for autospectra and coherence plots is 0.1 Hz. 
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Figure 4.3.6 Autospectra and coherence with the GRAS 47AC and 5-meter probe. Frequency 
resolution of 0.1 Hz 

The coherence is high from 1 Hz and up to 100 Hz, as is shown in Figure 4.3.6. The high 

coherence for low frequencies is explained by the lower wind noise and thicker windscreen. Above 

100 Hz, coherence and autospectra show a steep roll-off. Because of the coherence drop, the upper 

limit for intensity calculations using this probe is 800 Hz, as shown in Figure 4.3.7. 

Figure 4.3.7 shows the intensity calculations. In this case, a frequency resolution of 0.25 

Hz matches the last rocket measurement plots. 



 88 

 

Figure 4.3.7 Intensity direction for larger spacing probe using GRAS 47AC. Plots made with 
0.25 Hz frequency resolution. Raw and calibrated data show a small difference between 0.5 

and 6 Hz.  

As before, the intensity direction difference between calibrated and original data is not so 

evident for the 47AC microphones. The correction has improved compared to the small spacing 

probe because the lower variation below 2 Hz, intensity direction values are within ±5˚ from a 

lower frequency range. This is explained by the acoustic phase increase due to the microphone 

spacing, which increases the ratio between instrument mismatch and acoustic phase.  

The results for intensity direction still show more significant variation for frequencies 

below 1 Hz. Wind noise below 1 Hz combined with test field noise makes the intensity direction 

contaminated at lower frequencies, showing different intensity direction values at 17 Hz and 

random values below 0.8 Hz. 

The calibrated intensity magnitude is in agreement with the autospectra for the entire 

frequency range. The original data matches the autospectra from 0.7 Hz and above, as shown in 

Figure 4.3.8.  
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Figure 4.3.8 Intensity magnitude comparison with correction, original data and autospectra 

The probe spacing of 5 m reduces the error for intensity calculations compared to the 0.25 

m spacing probe. The difference between calibrated and raw data shows a small disagreement 

because the instrument mismatch becomes small for the acoustic phase obtained with 5 m spacing. 

 

4.4  Rocket analysis conclusions 

This chapter has shown the intensity measurements extension to lower frequencies by the 

calibration application and increased microphone spacing. The nature of the acoustic far-field from 

a static rocket test showed limitations for intensity measurement verification. The presence of 

contaminating noise from buildings and terrain scatters, and wind generates uncertainty on the 

intensity estimations. Resonance and ringing tendency showed deviation from the expected 

intensity direction, while intensity magnitude errors due to wind noise (below 1 Hz) are present 

for the lower frequency band.  
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Increased microphone spacing probes showed a considerable improvement in the acoustic 

intensity. The intensity direction for the larger probe spacing showed a lower direction variation 

for GRAS 46AE and GRAS 47AC microphones. However, a remark should be made on the source 

location drift between lower and higher frequencies explained in Figure 4.2.3. Particularly for 

GRAS 46AE, the results are within ±5˚ from 1 Hz, having an improvement from 18 Hz observed 

for the small spacing probe.  

The low frequency increased coherence observed in larger probes is explained by 

meteorological conditions (lower noise level) and the ability to filter wind noise using a thicker 

windscreen and place the microphones on the ground level. The improvement in low-frequency 

coherence generates improvement in the intensity magnitude calculations. The autospectra 

matched the intensity magnitude at 6 Hz for the small probe and the larger probe at 3 Hz. 

From these results, the recommendation for the GRAS 46AE using a 0.25 m probe is the calibration 

would not correct below 6 Hz. Whereas the GRAS 47AC with a 1-meter probe, the calibration 

would not go under 2 Hz.  

The main challenge showed for outdoor rocket intensity measurements was wind noise, and 

other randomness assumed at this point from field scatters. Larger microphone spacing improves 

the measurements, although it showed an upper limit for the two microphone sets; therefore, the 

recommendation includes analyzing windscreen capability, microphone spacing versus high-

frequency limit, distance to the source, and path interference with the terrain.  
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5 Chapter 5: Conclusions and Recommendations 

5.1 Summary 

The thesis shows intensity measurements down to the infrasound regime using the PAGE method 

for vector intensity. Application to two types of acoustic fields (from hot air balloon burner and 

rocket motors) shows the limitations of using different probe sizes in outdoor environments. A 

relative calibration using an infrasonic source generated inside a passenger car was used to find 

the instrument mismatch correction. 

The relative calibration for the infrasound and low audio ranges consisted of applying the 

equal excitation principle to find the instrument mismatch.  The infrasound levels measured at the 

car for relative calibration agreed with the preceding related scientific literature. On the other hand, 

the burner provided an alternative acoustic source to benchmark results into the infrasonic and low 

audio ranges (up to 50 Hz). Both infrasound sources were helpful for relative calibration, although 

the burner source showed lower levels than the car in the infrasound regime. 

The relative calibration allows correction of the intensity measurements. The 5 m spacing 

probe and GRAS 47AC microphones allowed intensity direction within ±5˚ tolerance to go down 

to 1 Hz. For the GRAS 46AE microphones, intensity direction measurements were within the 

tolerance range down to 2 Hz for the same configuration probe. Intensity magnitude calculations 

were also improved down to 1.5 Hz for GRAS 46AE and down to 0.4 Hz for GRAS 47AC and 5 

m spacing probe. 

The correction effects are more significant when the acoustic phase is not significantly 

greater than the instrument mismatch, as shown in Section 4.3.3. If the acoustic phase is greater 

than the instrument mismatch by at least 10 times, the intensity direction correction does not 
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significantly change the original data. Figure 4.3.7 showed that the correction does not affect the 

intensity direction for a more extensive acoustic phase (5 m spacing probe). On the other hand, 

intensity magnitude calculations showed more change for larger probes than for smaller ones.  

Intensity measurements for all probes showed the correction becomes smaller for higher 

frequencies because the instrument mismatch is small for higher frequencies. 

5.2 Contributions 

This thesis describes a convenient approach to find the relative calibration between microphones 

for intensity measurements in the infrasound and low-audio regimes. Although infrasound inside 

vehicles has been studied before, its use for relative calibration under equal excitation has not been 

explored previously. This work is also unique in that conventional half-inch microphones are used 

into the infrasound regime.  Additionally, sensor arrays used for this work were compact compared 

to state-of-the-art infrasonic arrays, while being much larger than typical intensity arrays. And, 

although larger spacing is used, the PAGE method allows the analysis extension to higher 

frequencies when sources are broadband through phase unwrapping. All these combinations 

constitute a significant contribution to infrasonic vector intensity measurements. 

5.3 Recommendations 

The thesis has consisted of microphone relative calibration and its application to intensity 

measurements into the infrasound regime. Recommendations are thus divided into relative 

calibration and intensity measurement considerations. 

5.3.1 Relative Calibration 

Relative calibration utilizing the infrasound field from a passenger car is a convenient method for 

instrument mismatch determination. According to the references, the levels of infrasound depend 
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on the vehicle's speed and size. The two passenger cars used in this research showed infrasound 

levels in the 65-95 dB range with a traveling speed between 35-70 MPH. For higher infrasound 

levels, large car size and highway speeds are recommended. Also, the microphones models showed 

different levels; therefore, a microphone with lower sensitivity and frequency cut-off would show 

higher infrasound levels. In this case, GRAS 47AC microphones with a frequency cut-off of 0.1 

Hz and a sensitivity of 8 mV/Pa recorded higher infrasound levels than the GRAS 46AE, which 

have a frequency cut-off of 3.15 Hz and 50 mV/Pa sensitivity. The “pole-shifting” digital filtering 

technique developed by Gabrielson and recently applied to sonic boom analysis40,37 might be used 

to improve the absolute low-frequency response of the 46AE.  Combined with the relative 

calibration described here, conventional half-inch microphones, which cost appreciably less than 

their extended infrasound-range counterparts, can be calibrated down to 1-2 Hz.   

5.3.2 Outdoor Intensity Measurement  

In addition to instrument mismatch, the major challenges for outdoor infrasound intensity 

measurements were reductions in coherence due to turbulence: wind noise at low frequencies and 

partially randomized phases at high frequencies. Reflections/scattering from unknown low-

frequency sources was also a challenge that could not be fully analyzed in this thesis. The 5 m 

spacing, ground-based probe equipped with a windscreen helped reduce wind noise and improve 

low-frequency estimates. However, the disadvantage with this probe was that it reduced the upper-

frequency limit for accurate calculations, and required extensive area to place the microphones. 

Ultimately, achieving a fair accuracy for intensity measurements involves combining more 

extensive microphone spacing, lower frequency cut-off microphone, and robust wind screening 

(noise filtering) depending on the microphone availability and field conditions. All these elements 

showed an improvement in outdoor intensity measurements. 
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