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A HIGH-TEMPERATURE WIDEBAND PRESSURE TRANSDUCER

1. INTRODUCTION

The objective of NSG 1039 is to develop a pressure transducer for measure-

ment of the pressure fluctuations in the high-temperature environment of a jet

exhaust. A previously developed condenser microphone carrier system will be

adapted to meet the specifications defined in a preceding progress report:

A.J. 7uckerwar, Progress Report 9/74 - 3/75, NASA Grant NSG 1039, "A High-

Temperature Wideband Pressure Transducer."

In addition, the following public disclosures of research performed under

this grant have been or will be presented: N.V. Cohen, "Analytical and Experi-

mental Study of Capacitance Microphones," 53rd Annual Meeting of the Virginia

Academy of Sciences, p. 13 of program; and A.J. Zuckerwar, "Self-Consistent

Approach to the Problem of t'embrane-Fluid Coupling in Condenser Microphones,"

to be presented at the Ninetieth Meeting of the Acoustical Society of America,

November 4-7, 1975.

The research tasks for the third and fourth quarters of the grant may be

summarized as follows:

a. To operate the carrier system using the cable between the microphone-

cartridge and converter as a half-wavelength transmission line.

b. To determine the essential acoustical specifications of a prototype

microphone cartridge at room temperature.

c. To complete the analytical study of the condenser microphone cartridge

as a basis for optimal design.

d. To construct a facility for testing the microphone cartridge at elevated

temperatures.

Construction and preliminary testing of a prototype microphone cartridge

(task b) and the analytical study (task c) have been completed; operation of

the oable as a half-wavelength transmission line (task a) has been demonstrated

as feasible in principle, but the quality of the output signal is not yet

sufficient to meet specifications. High-temperature testing (task d) must be



deferred until the cable problem is resolved. Details are discussed in the

remaining sections of this report.

2. THEORETICAL BACKGROUND

An extensive search of the literature has revealed that a theoretical analysis

describing the operation of the condenser microphone in terms of geometry, materials,

and other physical properties is not yet available. The strong coupling between

the motions of the membrane and underlying air layer, together with the difficult

and unusual boundary conditions at the backplate, render the exact solution to

the problem so complex as to be of little use to the designer. One of the

objectives of the current.research is to overcome these difficulties through

realistic, physically sound simplifications, and to express the microphone

sensitivity (membrane displacement over incident acoustical sound pressure)

in terms of the parameters mentioned above.

Figure 1 shows a cross section of a conventional condenser microphone.

Incident sound excites motiL ,n of the membrane, which compresses or expands the

air in the gap and creates a "reaction pressure." The latter, resisting the

motion of the membrane, is partially relieved by the flow of air through the

openings in the backplate, and these determine the damping of the coupled

membrane-air system. The prototype cartridge used in the current research

has a single ring of four evenly spaced holes in the backplate.

Robey was the first to solve the fluid dynamical problem (ref. 1), but his

unrealistic microphone model makes his results inapplicable to actual microphone

design. In two papers, Petritskaya (refs. 2 and 3) gives an exact solution to

the coupled problem, even for the case of an arbitrary arrangement of openings

in the backplate l , but his results are of such complexity that he does not give

the membrane eigenfunctions and only presents numerical results for a particular

microphone design. The analysis presented here differs from that of Petritskaya

in two respects: first, the boundary condition at the backplate is more exact,

a..d secondly, the reaction pressure term in the membrane equation is approximated

i
1 Provided the openings have small radial dimensions, e.g., holes or annular slots.
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in such a fashion as to allow a simplt solution in closed form. Only a brief

outline of the analysis will be presented here = full details will be deferred

until the final report.

To derive the fluid dynamical equation:; we express the particle velocity

in terms of a scalar potential ^ and a vector potential A,

v=-V¢+A

and insert these into the Navier-Stokes, continuity, and state equations to

arrive at the followingl:

V2^ + 02 = 0	 (la)

V27A' + L2A = 0	 (lb)

Eq. (lb) is true if we impose the additional condition that A be solenoidal:

V - A = 0

Eqs. (la) and (lb) lead to standard solutions to the Helmholz equation in

cylindrical coordinates.

We write the boundary conditions in terms of the radial and axial components

of particle velocity:

vr (r=a) = v 
r 

(z=0) = v r (z h) =0

(2)

vz (z = 0) = iwn(r,8),	 vz(z = h) = f(r,e) .

The function f(r,e), introduced by Petritskaya, describes the vertical component

of the particle velocity at the backplate, and is shown at the bottom of figure 1.

The velocity is assumed to have a constant value f k (k - 1, 2, ... q) over the

area of the kth opening and to equal zero at the solid portions of the backplate.

1 A list of symbols appears at the end of this report.
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Petritskaya assumes that the velocity , f  depends only upon the potential fk

at the kth opening I:

f^	
Zksk

ipo'4k
(3)

Because ^ k , in turn depends upon all the fk's, the latter are coupled through

a set of q simultaneous equations in q unknowns, where q is the number of

openings in the backplate. Equation (3) neglects the fact that the volume velocities

associated with the openings are coupled in the backchamber. Figure 2 shows an

equivalent acoustic circuit of the backplate and backchamber. Solution to the

circuit problem yields the result

fk	 sk E Yki Oi .
1po	

(4)

Thus the fk I s are coupled below as well as above the backplate, for each OR,

as before, still depends upon all the fk I s. Equation (4) will lead to a more

accurate prediction of the microphone response than equation (3).

The membrane equation contains two forcing terms, the driving force term

due to the incident sound and the reaction pressure term:

F

02n + K2n - 
T + T r
	

(5)

where the reaction pressure

p = ip04(r,e.o)

depends upon the scalar potential. This term, however, is related to an

integral containing n:

I	 The acoustical impedance Zk is the ratio of the acoustic pressure Pk	 ipoo*k
to the volume velocity	 vk s

fk 'k -
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0o q 	 J^ (^n ^m r) cos nbO

^(r,8,o) _ ^ -iw nn,m + E fk 'c	 P	
(6)

	

m,n=0	 k=1	 ' '	 n,m n,m

where

21T	
a/'

nn,m = f J tj (r, 0) 
Jnb ( En'm r) cos nb9 rdr d8	 (7)

0	 0

The bitmdarr, conditions for the membrane displacement are the following:

n (r = a) = 0 , n (r,= 0) is finite.	 (8)

If we attempt to solve the membrane problem by expanding F 0 and 0 (r,9,o)

in terms of the membrane eigenfunctions l , then equations (5), (6), and (7) lead

to an infinite set of simultaneous equations in an infinite number of unknowns.

A self-consistent approach has been suggested (ref. Q- to overcome these diffi-

c lties. The proposed analysis is based upon two key simplifying assumptions:

a. n is assumed independent of 0 . The effect of local variations in'

reaction pressure at the openings in the backplate is assumed to be smoothed out

by the membrane tension. This assumption leads to the removal of the index n

in equations (6) and (7).

b. The reaction pressure is assumed relatively insensitive to the details

of the shape of the membrane. In equation (7), n will be represented by a

simple expression, which contains a single unknown n0 and which retains the

basic features of the membrane displacement (extremum at the center, zero at the

periphery).

Actually, three different trial expressions for n have been investigated:

a. Constant: n = no . Here we assume that the reaction pressure depends

only upon the average value of the displacement, but not its shape (ref. 5, p. 200).

b. Parabolic: n = no 1 - r22 ). This is the simplest polynomial fulfilling
a //

the requirements at the center and periphery.

1 This may be the method used by Fetritskaya, although details are not given.
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D3 = correction to D1 accounting for curvature of membrane ,

Dy = correction to D2 accounti:.. for curvature of membrane .

c. Bessels n - in P. (Kr)/JD (Ka) - 11 . Here we assume that the effect
of the reaction pressure is to change the amplitude, but not the shape, of the

membrane displacement.

Substitution of a trial expression into Equation (7) permits a straightforward

solution for n in Equation (5) in terms of the single unknown n0 , which c4ar

be a iminated if we require that the average value of n , as obtained from

Equation (5), be the same as that obtained from the trial function. The latter

can be expressed in terms of a "shape" factor Bs

<n> = Bn0 ,

where

B = 1 for case (a) (constant),

= 1
2 

for case (b) (parabolic),

= J2 (Ka)/J0 (Ka) for case (c) (Bessel).

After elimination of n0 the solution for <n> takes the following familiar

form (ref. 5, page 202);

7ra2 F

z0 	(9)m

where z
m 

is the mechanical impedance of the membrane-air layer system.

J (Ka)
zm__

7r.2 
TK2 J (Ka) 

+D1 +D2+D3+D4	 (10)
2

D1 = air compliance term

D2 = term accounting for motion of air through openings in backplate



The frequency dependence of the average membrane displacement, computed

from equations (9) and (10), is shown for each of the trial expressions in

figure 3. We note that n = constant (case a) tends to underestimate the

damping, and that the parabolic and Bessel expressions (cases a and c) show

excellent agreement with one another right through the first membrane resonance.

At frequencies well below the first membrane resonance w << 2.4048 Cm/a

the Bessel functions in equation (10) can be approximated by the first few leading

terms iii their power series expansions. The acoustical impedance becomes

	

Z	 zm = iw 4 Q +	 81iT	 + 1 87rT	
(D 1 + D2 + D3 + D4)	 (11)

	

M	
(7ra2 ) 2	

3 7ra2	 iw (•,ra2) 2 	 f  (81ra2) 2

This representation suggests the lumped para- per equivalent circuit shown in

figure 4 and valid below the first membrane resonance. The first two terms in

equation (11) are associated with the membrane mass and compliance, the terms

in D2 and D3 with the air layer, and D 2 and D4 with the backplate and

backr_hamber. The last of these are transformed in the'figure from a series to a

parallel representation in order to obtain nearly frequenc y-independent elements

at low frequencies. As the frequency approaches 10 kHz , the backplate and

backchamber reactance turns inductive, suggesting a possible Helmholz resonance

near this frequency.

3. COMPARISON WITH EXPERIMENT

The preceding theory has been used as the Lasis for design of a prototype

high-temperature microphone. An assembly drawing of the microphone cartridges

tested is shown in the progress report referred to in the introduction.

Figure 5 shows a block diagram of the instrumentation used to measure the

frequency response of the microphone by the electrostatic actuator technique.

The microphone membrane is exited into vibra,i,n at a selected frequency by an

ac signal originating at the oscillator, amplified by the power amplifier, super-

imposed upon an 800 V polarization voltage in the microphone calibration

apparatus, and applied to the electrostatic actuator. Motion of the membrane is

detected by the converter-zero drive system, described in detail in references 6

and 7. Because the connection between the microphone and converter is unavoidably

7
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unshielded in this experiment, the spurious electrical pickup, which proves to

be considerable, requires filtering. The highpass and lowpass sections of the

filter are adjusted at each frequency to provide a trird-octave .Jandwidth. After

some amplification by the oscilloscope plug-in unit, the magnitude of the response

is measured on a true rms voltmeter; with the output of the power amplifier

serving as a reference, the phase is measured at the output of the filter. For

the purpose of determining the attenuation and phase shift of the filter alone,

measurements are taken with a reference signal applied directly from the oscil-

lator to the input of the filter after each change in frequency. The automatic

counter is used to measure the oscillator frequency. Identification of all the

instruments in the system is included in the caption of figure S.

The response of several prototype microphones, fabricated in the Instrument

Development Section, Langley Research Center, has been compared to theoretical

predi,,:tions. The values of the parameters entering equation (9) are listed in

table 1. Two of the parameters readily permit adjustment: the gap distance by

means of the threaded shaft supporting t a backplate; and the membrane tension

by means of the threaded ring, which applies pressure to the tension ring (see

figure 1 of previous progress report). The gap distance is determined by measure-

ment of the static capacitance between the membrane and backplate:

a2
h - 36 X10T C .

The membrane tension is determined by measurement of -the first vacuum resonant

frequency (for which the experimental arrangement of figure 5 was also used):

T = 6.825 a2f12p0t

Figure 6 shows the theoretical and experimental microphone frequency response

for two different gap distances. Because of the difficulty in obtaining an

absolute calibration of the membrane displacement, the experi.m:ntal data for each

microphone were multiplied by a constant calibration factor to fit the theory at

a frequency of 10 Hz. The figure shows that the theory accurately predicts the

height of the membrane resonance peak for both gap distances as well as the

shift in peak location with increasing damping. The increase in damping with

decreasing gap distance is expect:d in view of the role of viscosity in the flow

between the membrane and backplate.

8
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Figure 7 shows the response for two different membrane tensions at constant

gap distance. Again both C-e height of the resonance piak and the shift in

peak location show good agreement between *heory and experiment. The change

in membrane tension has two effects, both apparent in the figure: first the

resonant frequency increases as the square root of the tension; secondly the

sensitivity below resonance decreases with tension. The peak height does

not change with tension because the latter has but negligible effect upon

the damping.

Figure 8 shows the frequency dependence of the phase angle between applied

driving force and membrane displacement. Theory accurately predicts the fre-

quency at which the phase goes through the resonance step. The high experi-

mental values on the high-frequency side of resonance are believed to contain

a contribution from the zero drive amplifier, which produces some phase shift

at frequencies approaching 20 kHz.

The theoretical and experimental •results presented here lead to two conclu-

sions:

a. The close agreement between the theoretical curves of those trial

functions which satisfy the boundary requirements (cases 2 and 3) supports

assumption b, i.e., that the reaction pressure is relatively insensitive to the

details of the shape of the membrane.

b. Accurate prediction of the relative microphone response, and changes..

therein with changes in parameters, substantiates the self-consistent approach

and the assumptions upon which it is based.

4. INVESTIGATION OF THE HIGH-TEMPERATURE CABLE

The hostile environment in which the microphone cartridge will eventually

operate necessitates that the converter-zero drive system be removed from the

microphone by a distance of at least 25 feet. A major effort of the current

research is directed at studying the feasibility of connecting the microphone

to the converter over a high-temperature cable operating as a half-wavelength

transmission line.

The first type of cable investigated was a type "Q" high-temperature wire,

manufL.tured by Maser Cable Co. This is a coaxial cable with a solf.d outer con-

ductor, quartz fiber insulator, and stainless steel braided shield.

9
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The temperature rating of the cable is 2000°F. Attempts to operate this cable

as intended, however, have failed owing to the poor insulation between the center

and outer conductors. The unloaded line resistance of a 25-foot section of

cable measures less than NMI; such a low value reduces the Q of the converter

tank circuit to such an extent as to make the converter inoperable.

For the purpose of determining thn feasibility of operating a microphone at

the end of a half-wavelength transmission line, taste were conducted with a B & K

type 4147 half-inch microphone connected to the converter over an approximately

25-foot lengthl of RG-58C/U cable. A comparison of the noise floor (which

includes room noise) and 4% distortion level with and without the long cable are

listed be] =+.:

Without Cable With Cable

Noise floor (dBI	 86	 110

SPL @ 4% dis'ortion IdBI	 154	 164

From this table it is evident that the effect of the cable is to contribute

noise to and reduce the sensiti 3ity of the system.

A second type of high-temperature cable was manufactured in the Electronics

Section of the Fabrication Division at Langley Research Center. A cross section

of this cable is shown in figure 9. The center conductor A is bare copper wire.

The insulators B are steatite ball and socket insulating beads (.125 inch

diameter x .056 bore x .125 length). The outer conducter C is a braided shield

made of inconel 600 with a 90% coverage factor. The microphone system, using

this cable, was found to function, but the length of cable tested was far from

a half wavelength. The proper cable length is current:ly being determined by

time domain reflectometry.

5. FUTURE WORK

Work in the first two quarters of the grant extension will concentrate on

the following areas of investigation:

a. To modify the microphone cartridge to achieve the goals of (1) extending

the frequency response beyond 20 kHz, and (2) extending the dynamic range to the

1 This length is a half wavelength at the carrier frequency of 9.008 MHz.

10
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Table 1.	 Parameters of prototype microphone cartridge.

a membrane radius 4.7625 x 10"3 m

t membrane thickness 5.588 x 10-6 m

Pm membrane density 7.9 x 103 kg/m3

Q membrane surface density 4.4145 x 102 kg/22

Po air density 1.21 kg/m3

TI air viscosity coefficient 1.86 x 10-5 N sec/02

c air sound velocity (isothermal) 2.8735 x 102 m/sec

b number of holes 4

ri hole location 2.6924 x 10-3 m

ro hole radius 3.969 x 10-4 m

11 hole depth 6.604 x 10-4 m

r2 slot location 4.667 x 10-3 m

t2 slot width 9.525 x 10-5 m

i2 slot depth 6.604 x 10-4 m

V volume of backchamber 1.4878 x 10-7 m3'

Adjustable: h air gap
T membrane tension

13
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LIST OF SYMBOLS

a	 radius of membrane (a]

-r
A	 vector velocity potential

b	 number of holes in ring in backplate

B	 shape factor

C	 static capacitance between membrane and backplate (Farad]

Di

D2
contributions to mechanical impedance from air layer and

D3	 openings in backplate

D4

fl	 first membrane resonant frequent, ► in vacuum [Hz]

f(r,9)	 distribution of vertical component of particle velocity at backplate
surface (m/sec]

fk	vertical component of particle velocity at kth opening in back-
plate (m/sec]

Fp	incident sound pressure (N/m2]

h	 gap distance between membrane and backplate [m]

i W	 Bessel function of first kind of order Q and argument X

k	 wave number of sound.in air [m-1]

k	 index used to designate openings in backplate

K	 wave number of sound in membrane [m-11

L	 = (-iw/v) 1/2 = wave number for vector potential [m-1]

M	 index used to designate roots of Bessel function Jam ( nom a) J

n	 index used to designate order of Bessel function

p	 acoustical reaction pressure [N/m21

Pn,m	
see reference 2, equation (4)

q	 total number of openings in backplate

V.

14



r	 radial cylindrical coordinate [m]

t
17c,n,m

see reference 2, equation (4)

area of	 kth	 opening in backplate
8

t thickness of membrane [m]

T tension of membrane [N/m]

T see reference 2, equation (4)
n,m

v acoustical particle velocity [m/sec)

v 
radial component of acoustical particle velocity Em/sec)

v 
axial component of acoustical particle velocity [m/sec)

Ykk
acoustical transfer admittance [m5/N secl

z axial cylindrical coordinate (m]

m
mechanical impedance of the membrane - air layer system IN sec/m]

z acoustical impedance of 	 kth	 opening in backplate IN sec/m51

z acoustical impedance of the membrane - air layer system IN sec/ms]

n = n(r, e) displacement of membrane [m]

71 coefficient in Fourier expansion of 	 n

no unknown in trial expression for membrane displacement [m]

e angular cylindrical coordinate

^n,m
used to designate roots of Bessel function 	 Jnb (9n,m a) = 0

	 [M-11

PO
static density of air [kg/m31

6 surface density of membrane [kg/m2]

_ 0(r,e,z) scalar velocity potential

^k
scalar velocity potential at 	 kth	 opening in the backplate

W angular frequency of incident sound [sec -11

1

15



r

.-^ --	 I	 - _^	 :1-	 1	 l	 l --

z

vz (r,e k , h) = f(r,e)

f2	
F-1 f 

r
0

Figure 1. Cross section of prototype condenser microphone and
profile of vertical velocity at backplate.
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Fi;ure 2. Equivalent circuit of backplate and backchamber.
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M -1 MASS

CM -" COMPLIANCE

BACKPLATE	 CB	 CA
AND

BACKCHAMBER

R 	 . RA

MEMBRANE

AIR
LAYER

Figure 4. Equivalent circuit of prototype condenser micro-
phone: M = 826 kg/m4 , CM = 6.82 x 10-14 mS/N,

CA = 4.31 x 10-14 mS/N, RA = 6.7 x 10 6 N sec/ms,

CB = l.S x 10"12 mS/N, % = 1.3 x 10- N sec/m5.
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