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INTRODUCTION 

Measurement of surface-pressure fluctuations is an important source of informa- 
tion about the nature of the dynamic environment of aircraft and space shuttle vehicles. 
It is important that this environment be well defined so that proper laboratory testing 
can be utilized to insure structural integrity of these vehicles. There has, however, 
been considerable doubt among experimenters about the accuracy of the data obtained 
in supersonic boundary layers. This concern led to the present investigation. 

Twelve different types of transducers were used to make comparative measurements 
of supersonic boundary layers on a wind-tunnel wall. The transducers were selected 
on the basis of availability and previous use by other experimenters. Measurements 
were made simultaneously with 11 of these transducers in an a r ray  on the side wall of 
the NASA Ames Research Center 9- by 7 -foot supersonic wind tunnel. Eleven trans - 
ducers of the twelfth type were placed in another identical array to obtain measurements 
for use as reference data. The reference transducer array was  used to define the 
surface-pressure -fluctuation field and to correct for position location so that data from 
the different transducers could be compared directly. 

All  the transducers were calibrated on the tunnel wall. Altitude sensitivity, low- 
frequency rolloff, resonance effects, and Corcos (ref. 1) spatial size effect corrections 
were  made during data analysis. 

This investigation determined differences in the surface -pressure -fluctuation 
measurements made by the 12 different types of transducers. The differences were 
considered to constitute the measurement uncertainty. This uncertainty is expressed 
in this report in te rms  of percentage deviation about a mean value of the spread in the 
data. Selected data are compared with a summary of the data compiled by Bies in refer- 
ence 2. 

SYMBOLS 

Physical quantities in this report are given in the International System of Units and 
parenthetically in U. S. Customary Units. Calculations and measurements were made 
in U. S. Customary Units. Factors relating the two systems are presented in refer- 
ence 3. 
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TEST APPARATUS 

Test Fixture 

The transducer test fixture, shown in figure 1, was designed as a sealed unit to 
insure that the wind-tunnel static pressure existed on both sides of the transducers, 
(The importance of maintaining a zero differential pressure across the transducer 
diaphragm was shown during a previous attempt to obtain data using one of the trans- 
ducers. ) The chamber portion and the rear plate of the fixture were fabricated from 
0,635-centimeter (0.25 -inch) brass stock, and the transducer mounting plate, 15.2 
centimeters (6 inches) in diameter, was machined from a 2.54-centimeter (1-inch) 
piece of brass stock. O-rings were used to obtain a pressure seal between the chamber 
and the front and rear plates. The assembled unit was tested in a laboratory vacuum 
chamber to insure that the seal was  airtight. The static pressures within the test fix- 
ture and the wind tunnel were also monitored during the test to make sure that they re- 
mained the same. 

Comparison Transducer Plate 

Figure 2(a) shows the arrangement of the 11 different transducers in the compari- 
son transducer plate. Pertinent information about the transducers is given in table 1. 
Additional information may be obtained from the manufacturers and from reference 4 
for the WEAL transducer, An estimate of the sensitive diameter of each transducer 
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was determined solely by measuring either the movable portion of the diaphragm or  the 
exposed portion of the crystal., A more detailed analysis of the effective sensitive 
diameter is presented in reference 5 for the condenser transducers and in reference 6 
for the piezoelectric transducers. The estimated sensitive diameters used i this test 
are believed to yield corrected values of estimated power spectral density, 8, which 
are within 0 . 1  of values determined by using the more detailed analyses. 

Reference Transducer Plate 

Figure 2(b) shows the arrangement of the reference (Kulite) transducers in the 
reference transducer plate. This mounting plate is of the same design as the compari- 
son transducer plate of the test fixture; however, the sealed circular chamber was not 
needed because only a small-diameter venting tube was necessary to obtain equal static 
pressure across the diaphragms. 

TEST FACILITY 

The experiment was conducted in the Ames Research Center 9- by 7-foot supersonic 
wind tunnel. This facility is a closed-circuit, continuous -flow wind tunnel which is 
capable of producing constant Mach number flows from 1.55 to 2.5.  Mach number can 
be varied by moving the fixed-contour block that forms the floor of the nozzle. This 
facility is described in detail in reference 7. 

TEST PROCEDURE 

The face of the transducer mounting plate was installed flush with the inside wall of 
the wind tunnel. Figure 3 shows the approximate location of the transducer group in the 
wind-tunnel test section. Shown on the sting body is a model. from which data were taken 
on alternating runs a s  part of a separate study. Its position was believed to be remote 
enough not to affect the present test. 

Before the tests were started, the following laboratory calibrations were made on 
each transducer: voltage sensitivity, electrostatic, acoustic pressure coupler , and 
free field response. The results of these calibrations are shown in figures 4 to 15. 

The transducers were then mounted in the transducer fixture shown in figure 1. 
The technique used to  insure that the tolerance for mounting flushness was held within 
0.0000 and -0.0025 centimeter (0.000 and -0.001 inch) is illustrated in figure 16. 
These tolerances were considered to  be critical in the effort to eliminate avoidable 
sources of error .  An accelerometer was also mounted on the back of the comparison 
plate to measure the vibrational environment of the transducers. The sensitive axis of 
the accelerometer was perpendicular to the plane of the sensitive surfaces of the trans- 
ducers. After the transducers were installed, the transducer fixture was mounted to 
the side wall of the tunnel, using the same tolerances for flushness. 

The transducers were tested while they were installed in the tunnel wall. The 
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electrostatic calibrator shown in figure 17, which was developed at the NASA Flight 
Research Center, was used to insure that the transducers would function properly under 
the reduced ambient pressures encountered in the test, The calibrator was held in 
position over the transducers by a vacuum holding chamber (inset, fig. 17). The pres- 
sure in the chamber housing the electrostatic actuator was reduced to levels correspond- 
ing to the pressure altitudes of the test. At  each pressure altitude, the voltage output 
from each transducer caused by a constant 1000-hertz input was recorded. The basic 
electrostatic calibration technique is explained in detail in reference 8. 

Test data were obtained for wind-tunnel operating Mach numbers of 1.6, 2 .0 ,  and 
2 .5 .  The resulting tunnel flow parameters of interest for these tests for each Mach 
number a re  presented in table 2. During the tests the data were recorded on magnetic 
tape. The recorder was operated at 1.52 meters per second (60 inches per second), 
and frequency modulation was used to record data over a frequency range from 0 to 
20 000 hertz. 

The transducer fixture was then rotated 180' so that the downstream transducers 
became upstream transducers, and the three test conditions were rerun to eliminate 
possible upstream transducer effects on the former downstream transducers. 

Finally, the comparison transducer plate was replaced by the reference transducer 
plate and the tests were repeated. No Kulite transducer was installed in the comparison 
plate because previous tests using Kulite transducers in this wind tunnel had shown that 
the estimated power spectral density of the pressure fluctuation did not vary more than 
0 .1  over dl frequencies for repeated tunnel test conditions 

A pressure calibration signal was recorded on tape just prior to each test; this sig- 
nal was used to establish the gain of the system for data reduction. A hybrid computer 
system developed by the NASA Ames Research Center (ref. 9) was used to obtain the 
power spectral densities with and without the Corcos correction. The data were then 
corrected by using laboratory calibrations e 

DATACORRECTIONPROCEDURE 

The results of the laboratory calibrations from which corrections for sensitivity 
and frequency response were determined are presented in figures 4 to 15. Low- 
frequency rolloff was corrected by the use of the acoustic pressure coupler frequency 
response. 

Altitude sensitivity corrections for eight of the transducers were obtained by means 
of an electrostatic calibration. This technique was not adaptable to the WEAL, AR, 
Kist ler ,  and Kulite transducers. The altitude sensitivity of the WEAL transducer was 
determined through acoustic coupler responses (fig. 5). No altitude sensitivity correc - 
tions were considered necessary for the AR, Kistler and Kulite transducers. 

Corrections needed for resonance effects were determined from the electrostatic 
response of the transducers (figs. 4 to 15). The effects of resonance are shown at values 
of F near 3 and vary from a slight upward reflex to a well-defined resonant peak. The 
Photocon 514 transducer required the largest correction for resonance and size, The 
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results of these corrections are shown in figure 18, The amplitude of the response for  
frequencies affected by resonance can be shown from calibration data to be a linear 
function of pressure altitude, so that linear extrapolation can be used to determine re- 
sonance for off-calibration data points. Because the frequency of the resonance and the 
damping characteristics for a gridded transducer, for example, Photocon 504 and ES, 
change somewhat with the introduction of a flow field, the correction becomes uncertain, 
This may also be true for nongridded transducers; however, the correction shown in 
figure 18 appears to be of the right order. 

The Corcos method of correction for the spatial size of the t r p x h c e r  (ref. 1) is 
presented in a more convenient form in figure 19. The value of Pc for the frequency 

for which a correction is desired is added to P at that frequency. This correction 
affects noticeably only that portion of the spectrum for which $ > 3. 

A 

The system noise of each transducer was recorded and reduced to power-spectral- 
density format for each of the three test conditions. These system noise spectra were 
then compared with the raw data spectra, and with the aid of figure 20 (standard method 
of correcting noise levels based upon power equations) the corrections due to system 
noise were made for the frequencies affected. 

ACCURACY 

The tolerances for flushness in mounting the transducers were considered to be 
very important. Reference 10 shows the importance of achieving good transducer flush- 
ness to minimize what is referred to as the self-noise effect. Coe (ref. 11) shows the 
effect of nonflushness on the measurement of surface -pressure fluctuations; his work 
led to the flushness tolerances used in this test. The tolerances were checked before 
and after the test runs with the dial indicator system illustrated in figure 16. 

On the basis of the three types of frequency-response calibrations performed on 
each transducer, the corrected data were estimated to be accurate to within f 5 percent, 
that is, * 0.5 dB. The accuracy of the power spectral densities was not measurably 
affected by wind-tunnel wall vibrations. The highest vibration level in any one frequency 
determined by spectral analysis was O.O16g, which was too low to cause any significant 
voltage output from the transducers. 

On the basis of repeated laboratory tests, the accuracy of the three types of fre- 
quency response calibrations performed on each transducer was estimated to be within 
* 5 percent (that is, f 0.5 dB). 

The data were reduced by using a hybrid computer system (ref. 9). The statistical 
accuracy of the system varied somewhat with frequency, as indicated by the normalized 
standard e r ro r  in table 3 (from ref. 12). The normalized standard e r ro r ,  which is pre- 
sented Fn terms of percent, is defined as follows: 

Variance of the sample 
mean value 

True mean square value 
X 100 (ref. 13) Normalized standard e r ro r  = 

According to Bendat (ref. 13) the normalized standard e r ro r  can be determined by using 
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the following expression: 

(Filter bandwidth) (Averaging time) 

RESULTS AND DISCUSSION 

The values of the parameters used in this analysis of surface-pressure-fluctuation 
data are given in table 2 for each of the three test conditions. The boundary-layer 
parameters were determined in a previous test in which a 25.4-centimeter (10 -inch) 
boundary-layer rake was positioned 46.2 centimeters (18.25 inches) downstream of the 
transducer location. These boundary-layer parameters were adjusted to the location 
of the transducers. 

The spectra measured by the reference Kulite transducers, corrected for size, are 
plotted in figure 21 for each test condition. This figure shows the upper and lower 
boundaries of the data spread as well as the mean. At  a Mach number of 1.6, the data 
show a variation in estimated power spectral density of approximately 0.8, correspond- 
ing to a variation of 145 percent about the mean pressure level for almost two orders of 

8 is approximately 0.6, which represents a variation of f 35 percent (at 9 a1.5). The 
variation in the spectra for the test at a Mach number of 2.5 is approximately *15 per- 
cent over the entire frequency range analyzed (10 to 20,000 hertz). 

agnitude in frequency (that is, for I) = 1 to 3). At M = 2.0, the largest variation in 

These data are an indication of the nature of the pressure-fluctuation field for each 
of the test conditions. If the power spectral density of the pressure-fluctuation field is 
invariant as measured by the transducer array,  the pressure-fluctuation field may be 
considered to  be homogeneous. The test condition for a Mach number of 2.5 can there- 
fore be considered to  have the most nearly homogeneous pressure -fluctuation field. 
The data for Mach numbers of 2.0 and 1.6 show progressively larger degrees of non- 
homogeneity in the pressure-fluctuation field. The reason for these larger variations 
is not known; however, the variations may be associated with the distance of the test 
location from the tunnel throat. This distance, as shown in table 2, was longest for the 
test at a Mach number of 2.5 and shortest for the test at a Mach number of 1.6. Longer 
flow length may have allowed the pressure-fluctuation field to become more homogeneous. 

Although the flow conditions at Mach numbers of 1.6 and 2.0 cannot be considered 
representative of homogeneous surface -pressure fluctuation, they do represent conditions 
for which a determination of measurement accuracy is needed. 

Figures 22 to 24 present the data from all the transducers. The data from each 
transducer are presented according to location and are compared with the data from the 
corresponding reference transducer (the Kulite transducer in the same position). The 
short-dashed lines represent the raw data, and the solid lines represent the corrected 
measurements of surface -pressure -fluctuation power spectral density. 

A s  these figures show, there are some large differences between the raw data and 
the corrected values of the estimated power spectral density. The WEAL transducer 
shows the largest differences over the greatest frequency range (figs. 22(b), 23(b), and 
24(b)). This is attributed primarily to the need for altitude sensitivity correction, as 
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of the system noise interference in the laboratory, the 
ncies is not known. The largest corrections for low - 
data from the B & K transducer (figs. 22(g), 23(g), and 

24(g)). This correction was determined from the response o the acoustic pressure 
coupler presented in figure lO(c). Data from the Photocon 514 transducer were correc- 
ted for the largest resonant effect (figs, 23(i) and 24(i)), Corrections for resonance were 
based on the results of the electrostatic calibrator response (fig. 12(b)). Although this 
correction is approximate, a brief comparison with the results from transducers not 
requiring this correction shows it to be of the right magnitude. 

Effect of Transducer Size 

The data obtained with the Photocon transducers vary with transducer size, as 
illustrated in figure 25. These data were corrected for position location by determining 
the difference in estimated power spectral density, as a function of frequency, between 
the reference transducer at each location and the reference transducer at location 1. 
The result was then algebraically added to the data from each of the comparison trans - 
ducers. 

Although the Corcos correction was also added to the data, transducer size still 
seems to affect the measurement. This is most apparent in figure 25(a), where the 
amplitude of the measured spectra is inversely proportional to  the diaphragm diameter 
over most of the frequency range. The data in figures 25(b) and 25(c) show the same 
trend, except for the data of the 0.483-centimeter (0.19-inch) Photocon transducer, 
which tends to yield lower values in the lower frequencies. It is also apparent, again 
with the exception of this transducer, that the different transducers yielded data in 
especially good agreement in the Mach 2.5 test when the pressure-fluctuation field was 
apparently more nearly homogeneous. The agreement is especially significant because 
of the large differences in transducer size (from 0.305 centimeter to  0.991 centimeter 
(0.12 inch to 0.39 inch)). 

Similar size effects are not as evident in figure 26 for different manufacturers' t rans  
ducers. The shaded areas represent the spread of the Photocon transducer data (figs. 
25(a) to 25(c)). The measurements of the 0.508-centimeter (0.2-inch) LTV transducer 
are, in general, higher than those of the 0,406-centimeter (0.16-inch) B & K transducer; 
however, the data of the larger  (0.711-centimeter (0.28-inch)) WEAL transducer are in 
general lower, except at a NIach number of 2.5. 

Data from the piezoelectric transducers are compared in figure 27. In general, 
even though the Corcos correction had been applied, the smallest transducers again 
yielded the largest  values. The exception was the Kist ler  transducer, which read low 
at Mach 1.6 but high at Mach 2.5 for low frequencies. Because system noise was in 
general somewhat higher at these low frequencies for this transducer, the possibility 
that it had influenced the data was investigated. However, system noise was found to  
have negligible effect. 

Surface Interaction 

Bhat (The Boeing Co, ) and Hanly and Dods (NASA Ames Research Center) found in 
separate unpublished experiments that transducers that protruded yielded higher 
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power-spectral-density levels than those that were flush with the surface, Some of the 
work by Hanly and Do&, reported in reference 11, indicated that the amount of the 
increase was proportional to the free-stream dynamic pressure and to the ratio of the 
protrusion height to the laminar sublayer thickness. The level of power spectral density 
increased in all frequencies, with the lower frequencies affected most, Although a 
similar trend toward higher levels of power spectral density can be seen in the data 
presented here, particularly in the lower frequencies, the mounting tolerances of all 
transducers were held rigidly within 0.0000 and -0.0025 centimeter (0.000 and 
-0.001 inch). The tolerances were also checked before and after the test runs. Despite 
these precautions, the power -spectral-density measurements differed. These differ - 
ences may have been caused by an interaction between the surface of the transducer and 
the turbulent flow, as discussed in the next paragraph. 

The largest difference in measurement for the homogeneous pressure fluctuation 
field (Mach 2.5) appeared in the lowest frequencies. (As shown in figure 21(c), the 
reference (Kulite) transducer measured nearly the same values over the entire frequency 
range. ) This would seem to imply that the greatest uncertainty in measurement is in the 
measurement of the largest wavelengths. However, as indicated by Wills (ref. 14), the 
frequency bandpass filters used to determine these power spectral densities cannot dis - 
tinguish between surface-pressure fluctuations of large wavelengths that move quickly 
and small wavelengths that move slowly. If the wavelength of a surface-pressure 
fluctuation is determined from both its frequency and its convection velocity, as indi- 
cated by 

quency is about 0.8U, at Mach 2.5 the wavelength would be 47.5 meters (156 feet). If 
low -frequency measurements correspond to large wavelength phenomena, a small trans - 
ducer mounted with the exacting tolerances of this test should have little, if any, effect 
on the measurements, because all the transducers would measure the same value of a 
purely acoustic pressure fluctuation at these frequencies. However , the variation in 
amplitude of the lowest frequencies is large, which could be explained if the wavelengths 
related to these frequencies a re  small. This would indicate that the origin of the pres- 
sure fluctuation is near the surface of the wall. Similar interpretations have been made 
by other experimenters. Blake, in reference 15, showed data which indicate that the 
convection velocity decreases in the lower frequencies. Bhat (ref. 16) concluded that 
uncertainties in the lowest frequencies were associated with an eruption of disturbances 
from very close to the wall. Thus the large variation in these data may be due to an 
interaction between the surface-pressure-fluctuation field and the transducer. 

X = Uc/f, and if it is assumed that the convection velocity of the lowest fre- 

Data Summary 

Figures 25 to 27 show large differences in the data from the 11 different transducers 
over most of the frequency range analyzed. These data are summarized in figure 28 
(all data are corrected to location 1). The Mach 1.6 test condition (fig. 28(a)) shows 
the greatest uncertai ty over the largest frequency range. The uncertainty is a s  great 

A 

as *75 percent (1.6 i; ) for J /  M 2. 

The data for Mach 2.0 (fig. 28(b)) show an uncertainty of *55 percent (1.OP) for 
J/ M 2; however, the uncertainty for iL M 0 . 7  increases to *80 percent (1.7$). 

Although the reference transducer shows an uncertainty of approximately *15 per - 
cent over the analyzed range for the Mach 2.5 test condition, the results from the 
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comparative test group indicate the greatest uncextainty of the test at this condition, 
At J /  M 0.5, the uncertainty is f 85 percent (2.2P);Ahowever, for J /  =- 2.5, the uncer- 
tainty decreases to  approximately h15 percent (0,3P), 

Because the frequencies of greatest uncertainty (that is, 1L 5 2) are frequencies to 
which the Corcos finite s ize  correction does not apply, there is a large degree of 
uncertainty in comparing data from different transducers. 

Because of this difficulty in obtaining similar measurements with dissimilar trans - 
ducers, it seems appropriate to  suggest that transducers be standardized; however, no 
transducer showed clear superiority in this test. The test results do indicate an inter- 
action between the surface-pressure-fluctuation field and the transducer, and that this 
interaction influences a larger portion of the frequency range as the surface-pressure- 
fluctuation field becomes more nonhomogeneous. 

A possible alternative to  standardization would be to  reduce o r  eliminate transducer 
interaction with the flow. One method might be to recess the transducer below the sur-  
face and use a small hole in the surface (pinhole) as a path for the pressure fluctuations 
to  reach the transducer. 

Because of the nonhomogeneous nature of the surface-pressure -fluctuation field in 
the turbulent boundary layer at Mach 1.6 and 2.0, only the data at Mach 2.5 can be 
compared with measurements made by other experimenters. The largest scatter in the 
Mach 2.5 test is of about the same order as that in the Bies summary (fig. 29). 

The Mach 2.5 data are compared with a data summary plot by Bies (ref. 2) in 
figure 29. (The ordinate and the abscissa in this figure are not in the same form as in 
figure 28. ) The data have been nondimensionalized by using the skin-friction coefficient 
and circular frequency (the form used by Bies). The agreement between these measure- 
ments and those taken during other wind-tunnel experiments is reasonably good. Bies 
does not present data for values of less than approximately 2.5. 

CONCLUDING RElVLARKS 

Twelve different types of transducers were used to measure the surface-pressure 
fluctuations on the wall of the NASA Ames Research Center 9- by 7-foot wind tunnel. 
Data were obtained at Mach numbers of 1. 6 ,  2.0, and 2.5. The results indicated that 
the wall surface-pressure-fluctuation field is more homogeneous at a Mach number of 
2.5 than at  Mach numbers of 1 .6  or  2.0. A comparison of power-spectral-density 
data at Mach 2.5 with a summary of similar data (Mach 0.1 to 3.45) showed good agree- 
ment. 

The measurement uncertainty was greatest when frequencies were low and the 
surface-pressure-fluctuation field was homogeneous. The uncertainty at higher fre- 
quencies increased as the surface-pressure-fluctuation field became more nonhomo- 
geneous. Since transducer mounting effects and system noise levels w e r e  determined 
not to have contributed appreciably to measurement uncertainties, the result was 
attributed to an interaction between the surface-pressure-fluctuation field and the 
transducers. 
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Although the Corcos finite size correction appeared to be of the right magnitude at  
higher frequencies, it did not eliminate the size effects that seemed to dominate the 
lower frequency portion of the spectrum, 
from transducers of different sizes were compared, In general the small-diameter 
transducers yielded higher power -spectral-density values in all frequencies than the 
larger d iameter  transducers 

These effects became apparent when the data 

Available laboratory calibration techniques could not correct for interaction between 
the surface-pressure-fluctuation field and the transducer, It is believed that this inter- 
action was the major cause of measurement uncertainty. Thus absolute values of the 
power spectral density of surface -pressure fluctuations should be interpreted with 
caution, 

Because it is so difficult to obtain similar measurements with dissimilar trans- 
ducers, standardization of transducers would seem to  be appropriate; however, no trans - 
ducer showed a clear superiority in this investigation. The test results do indicate, 
however, that an interaction between the surface -pressure -fluctuation field and the 
transducer causes large uncertainties in the data. Thus a possible alternative to trans- 
ducer standardization to  reduce this interaction could be the "pinhole" transducer tech- 
nique, 

Flight Research Center 
National Aeronautics and Space Administration 

Edwards, Calif., April 21, 1912. 
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(a) Comparison transducer plate in which 11 different transducers were mounted. 

(b) Reference transducer plate in which 11 model XPL-125 -4BF Kulite transducers were 
mounted. 

Figure 2.  Transducer mounting plates installed in the tunnel wall, showing the locations 
of the transducers used in the tests. (Plates were rotated 180" for measurements at 
locations 7 to 11. ) 
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(b) Electrostatic altitude sensitivity response. 
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(c) Acoustic pressure coupler response. 
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(d) Parallel incidence free field response. 

F 
(e) Perpendicular incidence free field response. 

Figure 4. Laboratory calibration for the Photocon model 734 microphone (location 1). 
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(e) Perpendicular incidence free field response. 

Figure 5. Laboratory calibration for the WEAL model A-6 microphone (location 2).  
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Figure 6. Laboratory calibration for the LTV model H F - C F - 1  microphone (location 3).  
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(e) Perpendicular incidence free field response. 

Figure 7 .  Laboratory calibration for the AR model LD-107 microphone (location 4). 
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(a) Transducer sensitivity (-65 dB ref. 1 volt/N/rn2). 
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(e) Perpendicular incidence free field response. 

Figure 8. Laboratory calibration for the BBN model 376A microphone (location 5 ) .  
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(b) Electrostatic altitude sensitivity response. 

5 
Decibel 0 

-5 
0 1 2 3 

F 

(c) Acoustic pressure coupler response. 

F 
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(e) Perpendicular incidence free field response 

Figure 9.  Laboratory calibration for the ES model 299507 microphone (location 6). 
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(a) Transducer sensitivity (-63 dB ref. 1 volt/N/m2). 
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Figure 10. 

26 

Laboratory calibration for the B & K model 4136 microphone (location 7). 



170 

150 

SPL, dB 130 

110 
90 

0 1 2 3 4 5 6  

/ 
\1’ 

(a) Transducer sensitivity (-40 dB ref. 1 volt/N/m2). 
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Figure 11. 
phone (location 8). 
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(e) Perpendicular incidence free field response. 

Figure 12. Laboratory calibration for the Photocon model 514 microphone (location 9). 
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(e) Perpendicular incidence free field response, 
Figure 13. Laboratory calibration for the Photocon model 614 microphone (location 10) .  
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Figure 14. Laboratory calibration for the Kistler model 606L microphone (location 11). 
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(d) Parallel incidence free field response. 

(e) Perpendicular incidence free field response. 

Figure 15. Laboratory calibration for the Kulite model XPL -125 -4HF microphone 
(reference plate). 
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Figure 16. Method of measuring the flushness of the transducers installed in the 
mounting plates. 
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Figure 17. Equipment used to calibrate the installed transducers. 
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Figure 18. Effect of correction for size and resonance on the estimated power 
spectral density measured by the Photocon 514 transducer (location 9). 
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Figure 19. Corcos size correction to estimated power spectral density as a function of 
a nondimensional frequency parameter. 
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Figure 20. Plot used to determine the correction for system noise. 
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Figure 21. Variations in the estimated power -spectral-density measurements of the 
surface -pressure fluctuations determined by data from the reference (Kulite) trans - 
ducers. 
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Figure 22. Comparison of measurements of estimated power spectral density from 11 
different transducers with measurements from reference (Kulite) transducers. 
M = 1.6 .  
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(g) B & K 4136 (location 7). (h) Photocon 504 (location 8). 

Figure 22. Continued. 
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Figure 22. Concluded. 
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(d) AR LD-107 (location 4). 

Figure 23. Comparison of measurements of estimated power spectral density from 11 
different transducers with measurements from reference (Kulite) transducers. M = 2 . 0 .  
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Figure 23. Continued. 
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Figure 23. Concluded. 
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Figure 24. Comparison of measurements of estimated power spectral density from 11 
different transducers with measurements from reference (Kulite) transducers. M = 2.5. 
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Figure 24. Continued. 
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Figure 25. Comparison of the estimated power -spectral -density measurements from 
the Photocon transducers. Data corrected to location 1. 

45 



4 r  

3 -  

6 2 -  

1 -  

@ 
(a) M =  1 . 6 .  

0 1 2 3 4 
@ 

(b) M =  2.0.  

vzA Spread in  Photocon transducer 
data 

Diaphragm 
diameter, 
cm (in.) Transducer 

0.406 (0.16) B & K 
---- 0.508 (0.2) LTV 
--- 0.711 (0.28) WEAL 

0 1 2 3 4 
@ 

(c) M =  2 . 5 .  

Figure 26. 
the WEAL, LTV, B & K ,  and Photocon transducers. Data corrected to location 1.  
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Figure 27. Comparison of the estimated power -spectral-density measurements from 
the AR, BBN, Kistler, and ES transducers. Data corrected to location 1. 

47 



4 

3 

A 

P 2  

1 

0 

5 

4 

3 
A P 

2 

1 

0 

5 

4 

3 
e 

2 

1 

; 

Q 
1 2 3 4 0 

(a) M =  1.6.  

1 2 3 4 * 
(c) M =  2 . 5 .  

1 2 3 4 * 
(b) M =  2 . 0 .  

F/Z?l Data spread 
Mean - 

Figure 28. Variations in the estimated power-spectral-density measurements of the 
surface -pressure fluctuations as determined from the 11 different transducers. Data 
corrected to location 1. 
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