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FOREWORD

This report documents the results of engineering evaluation
tests performed on two types of acoustic sound pressure level
sensors at Johnson Space Center, Houston, Texas. These sensors
are candidates for use on the Shuttle Orbiter vehicle to monitor
ambient noise in the crew compartment during crew rest periods.
Prior to the test activity, the piezoelectric device was favored
because it is less expensive and directly compatible with the
on-board Wideband Signal Conditioner (WSC). The more précise
capacitive type sensor is generally regarded as "the standard of
the industry" and requires a special power supply and a pre-

amplifier to interface the sensor with the Shuttle instrumenta-
tion system electronics.
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1.0 SUMMARY

Eight one-inch diameter acoustic sensors weré subjected to the
evaluation tests. There were four each capacitive {"condenser™)
microphones, Bruel and Kjaer (B&K) Model 4161, and four each
piezoelectric microphones, B&K Model 4117. Three sensors of
each type were subjected to environmental exposures of tempera-
ture, humidity and vibration. The fourth sensor of each type
was not exposed to these environments and served as a reference
unit for each group.

Except for the humidity exposures, which were passive, each
Model 4161 capacitive sensor was individually tested in sequence
with the essential polarization voltage power supply, B§K Model
2807, and preamplifier, B&K Model 2619. One unit exhibited ano-
malous characteristics after the humidity exposure. The unit
subsequently returned to normal after being dried out in an oven
at 115°F for two hours.

Except for the passive humidity exposures, each B§K Model 4117
Piezoelectric sensor was also individually tested, sequentially,
with a laboratory type charge amplifier, Endevco Model 2730.

Two apparent failures occurred during these tests., The dia-
phragm on one sensor was found to be ruptured after the fourth
cycle of the passive humidity exposure. A second sensor showed
an anomaly after random vibration tests, at which time the sen-
sor sensitivity was consistent at about one-half of its former
value, -6.3 dB error. The diaphragm appeared normal in the sec-
ond unit.

The test methods and procedures used were essentially as des-
cribed in LEC-6884, Acoustic Sensor Evaluation Test Procedures,
no date.



2.0 SENSORS TESTED

The four each BEK Model 4161 and 4117 test articles were new
units procured by Lockheed Electronics Company, Inc. for these
tests. The serial numbers were as follows:

Model Serial Numbers

4161 541898, 541937, 541938, and
541939

4117 535219, 535221, 535228, and
535234

The B&K Model 4161 microphone is a free-field sound measurement
sensor, which simply means the sensor has a minimal effect on
the sound field in which it is placed. The microphone is one
inch in diameter and utilizes the capacitive or condenser prin-
ciple of transduction. The sensor requires 200 volt direct-
current (Vdc) for polarization and a preamplifier to conditiomn
the high impedance output signal. High stability, flat linear
response, and relatively high sensitivity make the capacitive
microphone system the most suitable system available for pre-
cisely measuring sound pressures for many applications.

The B&K Model 4117 sensor is also a one-inch diameter free-field
microphone. However, the electrical output signal is self-
generated by the piezoelectric transduction principle. The fav-
orabie characteristics of this dewvice include low cost, very
high signal source capacitance, and the fact that polarizatiom
voltage is not required. In addition, the effects of water con-
densation on the back of the diaphragm arenot as severe as in
the capacitive type microphome. According to the manufacturer,
however, this type of microphone does not adequately fulfill the
requirements for precision sound pressure measurements.



3.0 TEST EQUIPMENT AND SETUPS

The test equipment and environmental test apparatus used are
listed in Tables I and 11, respectively.

Figures 3-1A and 3-1B show the test setup configuration. for the
Model 4161 capacitive microphone and the Model 4117 piezoelec-
tric microphone, respectively, used during the baseline cali-
bration, temperature, confidence checking and post-environmental
tests., The same figures are applicable to the vibration tests
except the sound level calibrator was not utilized.

The Amplitude Lineavrity and Frequency Response tests utilized
the same equipment, except an oscillator and the Dees calibrator
were substituted for the B&K Calibrator. The setups for these

tests are shown in Figures 3-2A and 3-2B for the Model 4161 and
4117 respectively.

The humidity tests were passive exposures and therefore no test
setup is shown.



TABLE I. — TEST EQUIPMENT — ACOUSTIC SENSCR EVALUATION TEST

Ttem Model Serial No./ Error Test
No. Description Manufacturer No. ID No. Tolerance Function
1 Acoustic Dees Elec- 9005 2087 t1 dB Input stimulus (pres-~
Calibrator tronics/ (-10.9%, sure-frequency response)
Photocon +12.2%)
Systems
2  Adapter for Dees Elec- 4074 Mount test microphone in
Bruel § tronics/ calibrator
Kjaer Type Photocon
4161 Micro- Systems
phone
3 Oscillator Hewlett- 33108 1201A00951 Frequency source
Packard
4 Power Supply Bruel § 2807 524367 Excite system
Kjaer
5 Counter, Hewlett- $233L 512-01560 Set frequency of
electronic Packard oscillator
6 Digital Fluke 8120A 61988 0.01 Read output

voltmeter



TABLE I. — TEST EQUIPMENT — ACOUSTIC SENSOR EVALUATION TEST (CONCLUDED)

Item Model Serial No./ Error
No. Description Manufacturer No. ID No. Tolerance
7 Oscilloscope Tektronix 50ZA 51088
s . 539802
8 Preamplifier Bruel & Kjaer 2619 £39992
g Sound Level Bruel § Kjaer 4230 542701 +0.25 dB
Calibrator (£3%)
10  Adapter Bruel § Kjaer DBQ375 --
11  Adapter Bruel § Kjaer UAO0310 4207
12  Analog Volt- Ballantine 32307 020-2205 2% Actual
meter, true Laboratories,
TS Inc.
13  Charge Endevco 2730 AD40 and 0.1 4B
Amplifier AD42

Test
Function

Observe waveshape

Impedance conversion

Calibration at 93.6 dB

SPL, 1,000 Hz

Connect 1-inch micro-
phone to 1/2-inch pre-
amplifier

Interface between test
microphone sensor and
DB0375 Adapter after
humidity (ONLY AS NEC-
ESSARY)

Monitor output during
random vibration

Condition output signal
of BEK Model 4117
microphone



Item

No. Description

1 Temperature
Chamber

2 Humidity
Chamber

3 General vib-
ration lab
excitation
system

4  Quartz ther-

mometer

TABLE II. ~ ENVIRONMENTAL EQUIPMENT

Model Error
Manufacturer No. Tolerance
Delta Design £2.8°C
(*5°F)
Bilue M FR366
PBX
MB C-126
Hewlett- 2801A +0.1°C
Packard (+0.2°F)

Test
Function

Temperature exposure and
thermal shock exposure

Humidity exposure

Vibration test

Measure air temperature
in chamber



B&K MODEL 4161
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115 Vac, 60 Hz
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FIGURE 3-1A. - B&K Model 4161 test setup (except frequency' response, amplitude,

linearitv and humiditwv).
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FIGURE 3-1B. - B&K Model 4161 frequency responsé and amplitude linearity test setup.




BEK MODEL 4117
SENSOR UNDER TEST
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INPUT [
CALIBRATOR
BeK # h230% ‘ ENDEVCO
CHARGE AMP - 115 Vac, 60 Mz
RC OUTPUT MODEL 2730 INPUT POWER
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Vibration Tests
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i

FIGURE 3-2A. - B§K Model 4117 test setup [(except frequency response, amplitude,
linearity and humidity).



0T

0SCILLATOR COUNTER
HEWLETT- HEWLETT-
PACKARD PACKARD
#33108 #52330
i ]
|
TO EXT i
% B&K MODEL 4117
INPUT SENSOR UNDER TEST
{(PL~55
PLUG)
ACOUSTIC INPUT
CAL1BRATOR 'A!
DEES -
ELECTRONICS
#9005

0sCILLO- DIGITAL
SCOPE VOLTHMETER
TEKTRONIX FLUKE
#5024 #8120A
- + - +
AC
QUTPUT
ENDEVEQ DC OUTPUT
CHARGE AMP.
MODEL 2730

115 Vac, 60 HZ
INPUT POWER

FIGURE 3~2B.:— B§K Model 4117 frequency response and amplitude linearity test setup.



4.0 TEST DESCRIPTION

The test methods and procedures used were essentially as des-
cribed in LEC-6884, Acoustic Sensor Evaluation Test Procedures,
no date. A brief descrlptlon of the tests, in the order in which
they were performed, is included in this section.

4.1 Pre-environmental Tests

4.1.1 Visual TInspection - A thorough visual examination was
made of each of the eight test articles, including the elec-
trical connection. The primary purpose of the inspection was
to detect and note any evidence of poor workmanship or possible
physical damage.

4.1.2 Calibration - Baseline calibration data consisting of
three independent measurements on each of the eight sensors was
obtained. The test setup shown in Figure 3-1A was used for the
four Model 4161 sensors, and the setup shown in Figure 3-2A was
used for the four Model 4117 sensors. A warmup time of 30 min-
utes was allowed prior to making the measurements.

The BGK Sound Level Calibrator, Model 4230, produced 94 % 0.25
decibel (dB) sound pressure level (SPL) at 1000 Hertz (Hz).

Notes: (1) According to the manufacturer, the Model 4161
sensor is actually stimulated at 93.6 dB SPL
"Free-Field."

(2) dB SPL = 20 log o
Q

wheTe Py = 2x 10-5 Newtons per square meter,
root-mean-square

4.1.3 Frequency Response and Amplitude Linearity Tests - The
frequency response and amplitude linearity tests were conducted
with each Model 4161 and each 4117 sensor installed in the test
setups shown in Figures 3-1A and 3-2A, respectively. All eight
test articles were tested with a 30 minute warmup time allowed
on each sensor prior to reading and recording the measurements.

4.1.3.1 Frequency Response at Indicated 100 dB SPL - The Dees
Calibrator, Model 9005, was set for 100 dB SPL indicated pres-
sure field at each of the 15 "preferred frequencies" between

250 and 8000 Hz as given in ISO Recommendation R.266, Interna-
tional Organization for Standardization, Geneva, SW1tzerland.
The output was measured and recorded at each frequency and three
runs were performed on each of the eight semsors.
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4.1.3.2 Amplitude Linearity at 1000 Hertz - The Hewlett-Packard
(HP) Model 3310B oscillator was set for 1000 Hertz and the Dees
Calibrator was adjusted in steps of 10 dB from indicated 100 dB
SPL to indicated 140 dB SPL. The output was measured and recor-
ded for each Indicated SPL on each of the eight sensors.

4.2 Environmental Tests - The environmental tests were per-
formed on three each of the Model 4161 and 4117 acoustic sensors.
The fourth unit of each sensor model was not exposed to the en-
vironmental tests and served as a reference for the respective
sensor type. These "reference" units were recalibrated concur-
rent with the other units following each environmental test to
obtain comparative data.

Model 4161 serial numbers 541898, 541937 and 541938, and Model
4117 serial numbers 535219, 535221 and 535228 were exposed to
the environmental tests. Model 4161 serial number 541539 and
Model 4117 serial number 535234 were utilized as reference units.

4.2.1 Temperature Tests - The environmental test articles were
all exposed to the temperature test conditions in accordance
with the profile shown in Figure 4-1.

The B&K type 4230 Sound Level Calibrator was mounted on the test
microphone, which was placed in the temperature chamber and pos-
itioned in the vertical direction with the diaphragm facing up-
ward. The "Sound Level Calibrator was energized by means of an
external switch wired to the calibrator in the temperature cham-
ber.

Initially, a 30 minute warmup period was allowed before the sen-
sor output was measured and recorded at +75°F. Thereafter, each
temperature transition was made in a time interval of 15 to 20
minutes. Data was recorded after a 30 minute stabilization time
at each test temperature: +55°F, +35°F, +55°F, +75°F, +95°F,
+120°F, +95°F, and +75°F,

A total of six sensors, three of each type, was exposed to the
temperature excursion, and three data runs were performed on
each semnsor.

4.2.2 Humidity Test - The environmental test articles were pas-
sive during the humidity exposures. The test was conducted in

a manner similar to MIL-STD-810B (USAF), method 507, procedure 1--
All six sensors were exposed to a total of seven 24-hour cycles.
Each Z4-hour cycle consisted of 6 hours at 95 percent (%) rela-
tive humidity (R.H.) at a temperature of +71 degrees, Centigrade
(°C), and 16 hours at 85% R.H. with temperature decreasing gra-
dually from +71°C to +28°C as depicted in Figure 4-2. The three
sensors of the same type were exposed to the humidity conditions
simultaneously.

12
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A confidence check was performed on each sensor after the humi-
dity exposure using the B&K type 4230 Sound Level Calibrator.
The elapsed time required to achieve proper operation was noted
and recorded, and sensor output was measured and recorded after
the standard 30 minute warmup time period.

4.2.3 Vibration Tests - The test configuration was the same as
in Figures 3-1A and 3-ZA for the B&K Model 4161 and 4117 sensors
respectively, except the Sound Level Calibrator was not utilized.
Three sensors of each type were exposed individually.

The vibration fixture for the Model 4161 firmly clamped the en-

tire assembly, consisting of the sensor, Model 2619 preamplifier,
and Model DB0375 adapter.

A second vibration fixture was used for the Model 4117 which pro-
vided for direct mounting of the sensor by means of its external
threaded 22, millimeter fitting,.

4.2.3.1 Sinusoidal Sweep - A sinusoidal sweep was performed on
each of the functional environmental test articles in each of the
three orthogonal axes. The sweep was from 20 Hz to 2000 Hz to

20 Hz, at a rate of one half octave per minute (oct/min) and the
level was 1.0 gravity (g.) peak.

4.2.3.2 Sinusoidal Dwell at 1000 Hextz - Each functional envir-
onmental test article was vibrated in the sinusoidal mode at 1000
Hz, in the direction of the sensing axis, at a level of 5.0 g
Tms, equivalent to 7.07 g peak. The alternating current (ac)
waveshape was monitored and the microphone output was measured.
on the appropriate voltmeter and recorded. The raw data obtained
represented the combined response of the sensor to the ambient
SPL and the mechanical vibration acceleration,

4.2.3.3 Random Vibration - Each functional environmental test
article was vibrated in the random mode in each of the three or-
thogonal axes at an overall level of 10.2 g rms with the £6l1-
lowing spectral density: ‘

20 Hz to 150 Hz @ +6 dB/octave
150 Hz to 900 Hz € 0.09 g2/Hz
900 Hz to 2000 Hz @ -9 dB/octave

Sensor cutput was measured on the appropriate voltmeter and re-
corded. The raw data obtained represented the combined response
of the sensor to the ambient SPL and the mechanical vibration
acceleration.

4.3 Post-environmental Tests - All functional sensors were sub-
jected to exactly the same tests as the pre-environmental tests,
but in reverse order, such that the calibration and visual in-
spection were the final test consideratiomns.
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5.0 TEST RESULTS

5.1 Visual Inspection - The appearance of each sensor was pro-
per prior to and upon completion of tests, except for Model
4117, serial no. 535219, which suffered a ruptured diaphragm.
The ruptured diaphragm was discovered when the sensor exhibited
anomalous characteristics after exposure to the humidity tests
described in Paragraph 4.2.2.0f this report.

5.2 Calibration, Frequency Response and Amplitude Linearity -
All eight test articles were deemed acceptable for use in these
evaluation tests based upon the pre-environmental calibration,
frequency response and amplitude linearity tests. The data

are displayed graphically and included with the post-environ-
mental data in Attachment A to this report to facilitate com-
parison.

5.3 Environmental Tests

5.3.1 Temperature Tests - All six exposed sensors survived the
temperature tests. The temperature dependency of the Model 4161
and 4117 test articles is shown graphically in Figures 5-1
through 5-3 and Figures 5-4 through 5-6, respectively.  Note
that the B&K Model 4161 capacitive device appears more favor-
able than the B&K Model 4117 piezoelectric sensor.

5.3.2 Humidity Test - The three Model 4161 test articles sur-
vived the passive humidity exposures. One unit, S/N 541938, did
not function properly immediately following the humidity test.
Inspection disclosed the apparent accumulation of moisture inside
the unit. The unit was placed in an oven for two hours at

+115°F and dried out. Subsequently the measured performance
characteristics returned to normal.

Three B&K Model 4117 piezoelectric microphones were passively
and simultaneously exposed to the humidity environment. After
four cycles of exposure, serial no. 535219 was inoperative.
Examination revealed that the foil diaphragm was ruptured. This
type of catastrophic failure is usually indicative of improper
handling. However, it is possible that the combined environ-
ments of moisture and temperature were too stringent for the
sensor. The temperature approached the upper limit specified by
the manufacturer, and an epoxy cement is used to attach the fra-
gile force summing diaphragm to the piezoelectric element. The --
other two sensors were not affected by exposure to seven humi-
dity cycles.

5.3.3 Vibration Tests - During vibration exposure, it was ascer-
tained that the electrodynamic shaker was generating a high SPL,
90 to 95 dB SPL. Calculations were made to resolve the portion
of the microphone output that was attributable to the mechanical
vibration. The data processing showed that the B&XK Model 4117

16
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piezoelectric microphone response to vibration was about four
times, or 12 dB, greater than the response of the BEK Model
4161 capacitive microphone.

The three B§K Model 4161 capacitive microphones survived the
vibration exposure without failure or degradation of perfor-
mance.

The first of two B&K Model 4117 piezoelectric microphones tested
showed an anomaly after random mode vibration. Sensor serial
no. 535228 had an output about one-half of its pre-random vibra-
tion value when it was checked following random vibration expo-
sure. The diaphragm appeared to be normal by visual examination
but subsequent calibration checks produced results consistent
with the new lower sensitivity or -6.3 dB error in SPL measure-
ment (see Figure A-37). At post-environmental test, the Ampli-
tude-linearity relationship looked good although the output sen-
sitivity was lower (reference Figure A-28). However, the fre-
quency response characteristic exhibited decreasing output am-
plitudes as a function of increasing frequency {(see Figure A-13).
Consequently, sensor serial number 535228 is deemed to have
failed as a result of random vibration exposure.

The second model 4117 test article survived the vibration tests
with no significant change in characteristics.

5.3.4 Post-environmental Calibration, Frequency Response and
Amplitude Linearity - All functional test articles were subjected
to a post-environmental test calibration frequency response and
amplitude linearity tests which were congruent to the pre-
environmental tests. The data is displayed graphically and in-
cluded with the pre-environmental data in Attachment A to this
report to facilitate comparison. Post-environmental test data
for the Model 4117, serial number 535219, is not included due

to the failure noted after the humidity test.
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6.0 CONCLUSIONS

Both the B&K Model 4161 and Model 4117 capacitive microphones

are deemed suitable for use on the Shuttle Orbiter vehicle based
upon the results of the tests described herein. The Model 4117
is apparently less precise and much more fragile. One Model 4117
test article, serial number 535219, failed following the humidity
test. Another unit, serial number 535228, had a substantially
degraded output following random vibration exposure. Otherwise
the sensitivity repeatability of all the test articles was within
1 dB of the respective initial value throughout the test program.
The repeatability of each of the eight test articles is shown in
Figures A-31 through A-38 in the attachment to this report.

The B&K Model 4161 capacitive microphone is the more precise and
durable of the two types tested. However, it requires a polari-
zation voltage power supply and a preamplifier, both expensive
specialized electronics, in order to interface the sensors with
the Shuttle Orbiter instrumentation system.

The B&K Model 4117 piezoelectric sensor is relatively inexpen- -
sive, directly compatible with the Shuttle Orbiter wideband signal
conditioner charge amplifier, and probably has the greatest sensi-
tivity of any microphone on the market. However, the Model 4117
is fragile and special precautions will be necessary to avoid in-
advertent damage to the sensor if this type is used. A special
vented plastic protective cap is required on the Model 4117 sen-
sor. The non-vented silica gel dessicant type provided with the
Model 4161 sensors will f£it the Model 4117 but could cause the
thin foil diaphragm to rupture due to overpressure.

An aircraft type installation mounting fixture would be needed for
either of the two types of sensors. The Model 4117 piezoelectric

sensor is not electrically isolated from the case; therefore, the

external mounting provisions would have to include electrical iso-

lation.
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ATTACHMENT A

Pre- and Post-environmental Calibration,
Frequency Response and Amplitude Linea-
rity Test, and Sensor Sensitivity
Repeatability Data
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TABLE A-I

Acoustic Sensor Pre- and
Post-environment Test Calibration Data



TABLE A-T.

Calibration Data

- ACOUSTIC SENSCR CALIBRATION TEST DATA

Sensor
Identification Pre- Post~
Envirenmental Environmental
Model 4161 Output, millivolts {(mV), with preamplifier
S/N 541898 1. 53.8 mV 1. 49.8 mV
Z. 53.8 mV 2 49.4 mV
3. 54.3 mV 3. 49.6 mV
S/N 541937 1. 52.5 mV 1. 47.2 nV
2, 52.0 mV 2. 49.6 mV
3. 51.4 mV 3. 48.5 mV
S/N 541938 1. 48.5 mV 1. 43.5 mV
2. 48.4 mV 2. 45.9 mV
3. 48.3 mV 3, 44.6 mV
S/N 541939 1. 48.2 mv 1. 46.5 nV
2. 48.7 mV 2. 48.5 mV
3. 48.6 mV 3. 46.0 mV
Mcdel 4117 OQutput, pico Coulombs peak (pC pk)
S/N 535219 1. 23.24 pC pk Failure noted
2. 23,58.pC pk after Humidity
5. 23.57 pC pk Test
S/N 535221 1. 2252 pC pk 1 21.92 pC pk
2. 22.69 pC pk 2. 21.97 pC pk
3. 22.63 pC pk 3 21.96 pC pk
S/N 535288 1. 22,14 pC pk 1. 11.54 pC pk
2. 22.27 pC pk 2. 11.54 pC pk
3. 22.06 pC pk 3. 11.59 pC pk
S/N 535234 1. 20.30 pC pk 1. 20.49 pC pk
2. 20.46 pC pk 2. 20.46 pC pk
3. 20.78 pC pk 3. 20,50 pC pk



FIGURES A-1 THROUGH A-8

B§X Model 4161 Pre- and Post-environmental
Frequency Response Data
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FIGURES A-9 THROUGH A-15

B&K Model 4117 Pre- and Post-environmental
Frequency Response Data

A-13
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FIGURES A-16 THROUGH A-23

B&K Model 4161 Pre- and Post-environmental
Amplitude Linearity Test Data
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FIGURES A-24 THROUGH A-30

B&K Model 4117 Pre- and Post Environmental
Amplitude Linearity Test Data
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FIGURES A-31 THROUGH A-34

BGK Model 4161 Sensitivity
Repeatability Data
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FIGURES A-35 THROUGH A-38

BEK Model 4117 Sensitivity
Repeatability Data
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