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High Pressure Measurements with the
High Pressure Microphone Calibrator Type 4221

Introduction

Microphones are often used to
measure high dynamic sound pres-
sures produced for example by
sonic booms, explosions, jet en-
gines, etc., which also involve a sig-
niticant low-frequency content. For
these applications, it may often be
necessary to know precisely the be-
haviour of the measuring system un-
der those special conditions. This

may include sensitivity, linearity,
distortion, low-frequency response
elcC.

The B & K High Pressure Micro-
phone Calibrator Type 4221 has
been developed to meet these
needs. It allows measurements at le-
vels up to 164 dB SPL in continu-
ous operation and up to 172dB

by Pierre Bernard and
Eriing Frederiksen, Briel & Kjaer

with  tone-burst excitation, and

covers a frequency range from be-
low 0,01 Hz to 1000 Hz.

This paper describes the 4221
and reviews its main operating char-
acteristics. Typical applications and
the corresponding measuring set-
ups are also discussed.

T'he High Pressure Microphone Calibrator Type 4221

The 4221 consists of a basic unit
and two couplers, the high-pressure
coupler and the low-frequency cou-
pler.

Basic Unit

Fig.2 shows a sectional drawing
ot the basic unit fitted with the high-
pressure coupler. The basic unit
consists mainly of an electrody-
namic exciter coupled to a large-
area piston. The piston surface is
plane with the exciter body. A
0,12 mm thick silicone membrane,
fixed to both the body and the pis-
ton and clamped at the edge of the
housing by means of an O-ring,
makes the complete system airtight.
The large piston area, the small
mass of the moving element, and
the relatively soft flexures give the
excitation system a low acoustic im-

pedance compared with the coupler
impedance.

The force developed by the piston
— and thereby the sound pressure
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Fig.1. Type 4221



produced in the coupler — is propor-
tional to the current through the
drive coil. The sound pressure Is
therefore independent of variations
in load impedance which would In-
fluence a constant-volume-displace-
ment system such as a piston-
phone, namely:

Variation of loading volume
Variation of atmospheric pres-
sure

Impedance variation when the
process changes from adiabatic
to 1sothermic conditions at low
frequencies

Non-linearity In load impedance
at high dynamic  pressures
caused by wvolume changes
which are too large compared
with the coupler volume.

A resistor 1n series with the drive
coil allows the excitation current to
be measured. The resistor Is factory-
adjusted so that a voltage of T mV
at the VOLTMETER socket corre-
sponds to a sound pressure of
20Pa. The sound pressure level
can thus be measured directly on a
B &K Measuring Amplifier when a
correction factor of 60 dB is used.

High-pressure Coupler

The high-pressure coupler has a
small volume (2 cm3) in order to ob-
tain a wide frequency range. {The
upper limit of the frequency range
is determined by the resonance pro-
duced by air stiffness in the coupler
and piston mass.) The coupler has
two openings, each accepting 17
B &K condenser microphones di-
rectly, while adaptors are included
for 1/27, 1/4" and 1/8" micro-
phones. The coupler can be used in
two modes: closed (undamped) or
partly open (damped). Damping is
obtained by loosening two hollow
screws, each containing a disc of
sintered material, which act as
acoustic resistors.

With the closed coupler, levels up
to 164dB SPL can be obtained in
continuous operation. Using the Gat-
ing System Type 4440 for tone-
burst excitation, tevels up to 172 dB
SPL can be reached. The frequency
range (£ 1dB} of the closed coupier
s 3Hz to 300 Hz (see Fig.3}. How-
ever, If one microphone s used to
control the compressor circuit of the

generator, the frequency range Is
extended up to 1000 Hz.
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Fig.2. Sectional drawing of the 4221 fitted with the high-pressure coupler and two 1/4°° con-

denser microphones
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Fig.3. Typical frequency-response curves of the 4221 with high-pressure coupler

When damping is introduced, the
frequency range (£ 1,5dB) 1s 20 to
1000 Hz at levels up to 154 dB (see
Fig.3). It iIs 30 to BDOOHz at levels
up to 164 dB. The limitation 1s due
to non-linearity in the damping re-
sistors, which also introduce more
distortion than when using a com-
pressor microphone. However,
damping allows a simpier measur-
ing system, more suitable for field
caitbration.

Low-frequency Coupler

When 1t is desired to measure the
low-frequency response of @ Micro-
nhone, the whole cartridge must be
submitted to the sound tield. For
this purpose, use s made ot the
low-frequency coupler {Fig.4). The
coupler fits 17, 1/2” and 1747 mic-
rophones directly and an adaptor is
delivered for 1/87 microphones.
The maximum sound pressure level
s 164dB. if the equalization vent
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Fig.4. Sectional

drawing of the low-fre-
quency coupler

of the coupler 1s kept open, the
lower limiting frequency (—1 dB) is
0.1 Hz. If the vent is blocked using
adhesive tape, the lower limiting fre-
quency is below 0,01 Hz. The upper
limit is 95 Hz in both cases.

For measurement at such iow fre-
guencies, the B & K Microphone Car-
rier System Type 2631 i1s used. It
operates with a 10 MHz carrier fre-
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Characteristics
of the Basic Unit

Frequency Response

The frequency response of the ba-
sic unit alone is shown in Fig.7.
The curve shows the piston displace-
ment measured with a capacitive
transducer when the 4221 was ex-

cited by a current Increasing
6 dB/octave.

Equivalent Circuit

Using the Q-factor and resonance
frequency derived from the fre-
quency response curve and know-
ing the mass of the moving element
(11 grams) the equivalent circuit of
Fig.8 may be derived. The values of
the components are given in Table
1. The acoustical components are
derived from the mechanical ones
taking into account the effective pis-
ton area, which is 22,9¢cm?2.

Equivalent Volume
The reactance of an acoustic com-
pliance C 1s

1

jwC

XC:

The compliance of a cavity {volume
V}i1s

ratio of specific heats
(1,402 in air}

P = static pressure

where vy

Therefore

vP
ijC

V =

This expression defines the equiv-
alent volume of an acoustic compli-
ance. The notion of equivalent vo-
lume can be generalized to the com-
plex equivalent volume of an acous-
tical impedance. In the case of the
equivalent circuit of Fig.8, this
gives, with open electrical termi-
nals:

vP
J (1/jCAw + jLAw + HA)

V=

' T
(1-L,C w )—]RACAM

szPCA - .
(1-—LACAw 1<+ (RACAw)

Using the values of Table 1, the
real and imaginary parts may be cal-
culated. There are shown in Fig.9
where two cases are illustrated:
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Fig.9. Equivalent volume of the basic unit
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—— ———— Thermal Effect in the Drive Coil
. — - With a high excitation current,
" p— the coll temperature rise results in
...... — an increased coil resistance. This is
= - e — ilfustrated in Fig.10 which shows
* : the current (and sound pressure)

variation with time when the excita-

il

— » Paper Speed 1 mm/s ——— ————— 1 1dB

tion signal 1s switched from a high
— - = level (corresponding to a sound pres-
= sure level of 164 dB) to a lower le-

aP 1102 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 TimE{S}?EGEESl vel (here —20dB) and back to the
original level. For tone-burst opera-

tion at very high sound pressure le-
vels the burst duration should there-

fore not exceed 0,b s.

Fig.10. Thermal effect in the basic unit. Variation of insert voltage with time

Characteristics of the 4221 with High-pressure Coupler
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| Fig.11. Frequency response of the 4221 with the high-pressure coupler at various sound pres-
% (Vn + AV sin wt)? = vanﬁf sure levels

a) without damping
b) with damping



Hence

AV
— sinwt) Y
V

o

P=P_(1+

Expanding into a binominal series:

AV
P=Pﬂ 1——’}’7 sin Wit +
O
L 2
7(7+1)<5V> 9 ]
— sIN” wt + ...
2| _Vﬂ
yiy+t1) /AV 2 YAV
P=P [1+ (—) — —  sin wt —
O 4 -V V
0 0
2
y{y+1) /AV
(_) cos?w’c-’r...]
4 .VD

The ratio of the second harmonic
to the fundamental is

At 164 dB SPL, the above expres-
sion vyields a distortion of approx.
2%, whereas it 1s 6dB lower with
the 4221. This is because the
4221 i1s a constant-force device
where the piston compensates for
the non-linearity in the cavity. Dis-
tortion in the 4221 s due to non-
linearity in the current-to-force
transformation, i.e. In the coupling
elements.

Influence of Static Pressure

The influence of static pressure
on the response at 95 Hz of the
closed coupler is shown Iin Fig.13.
It is seen that the influence is less
than 0,02dB/100 mbarat 1013 bar
(less than 0,04dB/100 mbar for
the damped coupler). This is consid-
erably less than with a constant-vo-
lume-displacement system where
the sound pressure is directly pro-
portional to the static pressure.
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Fig.14 shows the influence of
static pressure on the frequency re-
sponse of the closed and damped
coupler. The lower part of the range
is virtually unaffected. The lowering
of the resonance frequency is due
to the lower air stiffness.

It should be noted that there is a
limitation on the max. obtainable
sound pressure as a function of
static pressure. As a general rule,
the dynamic sound pressure should
not exceed 10% of the static pres-
sure.

Influence of Temperature

The influence of temperature at
95 Hz is less than 0,01 dB/°C be-
tween —10° and + 55°C, both for
the closed and damped coupler. The
influence on the frequency re-

sponse is also very small, as shown
in Fig.15.



Influence of Microphone Size

The influence of the microphone
size (i.e. influence of loading vo-
lume) 1s shown in Fig.16. The
lower part of the frequency range is
unaffected and the only influence is
a slight shift of the resonance fre-
quency.

Vibration Level

Normally, microphones used for
measuring high sound pressures
have a relatively high sensitivity to
mechanical vibration. It is therefore
necessary that the vibration level at
the microphone position is as low
as possible. Fig.17 shows the vibra-
tion level at 154 dB SPL for both
the closed coupler (with compres-
sor) and the damped coupler. At
100 Hz, the wvibration level is ap-
prox. 0,01 m/s2 for the closed cou-
pler and 0,08 m/s? for the damped
coupler. With the B & K Condenser
Microphone Type 4136, which is
the most vibration sensitive of the
range, these levels correspond to
equivalent sound pressure levels of
approx. 30dB and 45dB, respec-
tively.
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Fig.17. Vibration level at 1564 dB SPL

Characteristics of the 4221 with Low-frequency Coupler

Influence of Static Pressure

The frequency response of the
low-frequency coupler at different
static pressures is shown in Fig.18.
The influence 1S less than
0,04 dB/mbar at 95 Hz. Again, the
max. obtainable ievel depends on
the stat!c pressure.
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Fig.18. Influence of static pressure on the frequency response of the low-frequency coupler
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Fig.19. Influence of microphone size on the frequency response of the low-frequency coupler

Applications

High-pressure Microphone
Calibration —
Continuous Operation

The system of Fig.20 can be used
for point-frequency measurements.
The 4221 s fitted with the high-
pressure coupler. The signal from
the Sine Generator Type 1023 is
fed to the 4221 via a Power Ampli-
fier Type 2706. The 2706 allows
the Calibrator to be driven at tull rat-
ing (up to 164dB SPL in continu-
ous operation). Note that the 1023
alone can drive the 4221 up to ap-
prox. 155dB SPL.

The VOLTMETER socket of the
4221 is connected to the direct in-
put of the Measuring Amplifier. Alt-
ernatively, a Voltmeter Type
2425/6/7 may be used. This al-
lows the sound pressure In the cou-
pler to be measured using the pres-
sure/insert voltage constant of
20Pa/mV. In the upper part of the
frequency range, the difference be-
tween the pressure curve and the
Insert voltage curve must be taken
into account. This is found on the
relevant calibration chart.

The output from the receiving-mic-
rophone preamplifier 1s fed to the
preamplifier input of the Measuring
Amplifier. The meter reading di-
vided by the sound pressure In the
coupler gives the microphone sensi-
tivity at the actual sound pressure.
If the excitation level is varied, the
linearity may be checked. Care

Influence of Microphone Size

The frequency response of the
low-frequency coupler fitted with
microphones of different sizes is
shown in Fig.19. The influence of
the microphone access ring is also
shown for 1/4” microphones.
Again, the influence at 95 Hz is neg-
ligible.

Sine Generator

1023
ﬁ,ﬁ—_ﬁ_ﬂm '-: @_ 9 'l_ &k
o o 0| @
| 1 | HE D&;:.:-J& --
Measuring Amplifier
2606
To Direct Input
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- | or Etectronic Voltmeter
Power Ampiifier High Pressure 2425/6/7
2706 Microphone Calibrator
4221 770868
Fig.20. Typical set-up for high-pressure microphone calibration
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Fig.21.
ments

should be taken not to expose the
microphone to a sound pressure le-
vel higher than the specified limit.

Besides absolute sensitivity cali-
bration, the 4221 allows compar-

Use of a compressor loop to regulate the sound pressure in swept-frequency measure-

iIson calibration since the high-pres-
sure coupler can be fitted with two
microphones.

For swept-frequency measure-
ments up to 1 kHz the coupler may



be damped or a compressor loop
may be used to keep the sound pres-
sure constant. A typical set-up IS
shown in Fig.21. Adjustment of the
compressor loop should be per-
formed in the low frequency range
(e.g. 95 Hz) where no correction Is
needed. The Level Recorder Type
2307 controls the frequency sweep
of the Generator and the response
of the microphone under test is re-
corder on frequency-calibrated

paper.

High Pressure Microphone
Calibration —
Tone-burst Operation

For measurements at levels above
164dB and up to 172dB use must
be made of tone-burst techniques.
At 172 dB the ratio between pulse

length and repetition period 1S max.
0,15.

A system for tone-burst operation
is shown in Fig.22. The Gating Sys-
tem Type 4440 is placed between
the Generator and the Power Ampli-
fier. The 4440 delivers tone bursts
of adjustable length and repetition
period. A zero-crossing detector con-
trols the opening and closing of the
transmitting gate to give minimum
switching transients. The received
signal may be fed to the 4440. De-
lay and width of the receiving gate
are adjustable, allowing measure-
ment on the steady-state signal
only.

With the 4221, the coupler reson-
ance limits the wuseful frequency
range to approx. 300 Hz. It is, how-
ever, possible to extend the range
up to 1000Hz using a special
switching device to control the com-
pressor circuit of the generator. See
B &K Application Note 15—127,
"Use of a compressor loop In tone-
burst measurements with the High
Pressure  Microphone  Calibrator
Type 42217,

Distortion Measurements

As can be seen in Fig.12, the dis-
tortion level of the 4221 i1s remarka-
bly low, especially below 100 Hz. It
should also be noted that the har-
monic components, after having
passed through the coupler reson-
ance, have a relatively low level at
1 kHz (distortion below 0,6% at
154 dB). The Calibrator is therefore
well suited for distortion measure-
ments on microphones and other

10

Sine Generator
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IR N
oo | O

o 00

to adjust burst width
and repetition rate
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4440 2706 Microphone
Calibrator
4221 770870

Fig.22. Set-up for tone-burst operation up to 172 dB SPL
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Fig.23. Set-up for microphone distortion measurements at high sound pressure level

pressure transducers, as long as
the distortion induced by the device
under test is significantly higher
than that produced by the 4221.

A typical set-up s shown in
Fig.23. The excitation signal Is pro-
duced by the generator section of

the Heterodyne Analyzer Type
2010. The analyzer section of the
2010 is tuned to the reguired har-
monic component by the Distortion
Measurement Control Unit Type
1902. The system has a dynamic
range of typically 80 dB.
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Fig.24. Harmonic distortion of a tape-recorder microphone

Fig.24 shows the results of distor-
tion measurements carried out at
100Hz and 1kHz on a commer-
cially available tape-recorder micro-
phone. The distortion of the 4221
alone ts also shown. For the third
harmonic at 100 Hz, the curves for
the 4221 and for the microphone +
4221 are close to each other up to
144 dB. The distortion of the micro-
phone itself can therefore not be ac-
ertained but the curves show that it
s below 0,1%. Above 144 dB, mic-
rophone distortion becomes domi-
nant.

Low-frequency Measurements
Fquipped with the low-frequency

coupler, the 4221 allows measure-

ments down to below 0,01 Hz. For

measurements down to approx.
2 Hz, the excitation system used
with  the high-pressure coupler
(1023/2706) may still be used al-
though the 2706 gives 1,5 dB atten-
uation at 2 Hz. For measurements
below 2 Hz, a special low-frequency
generator should be used.

For measuring the insert voitage
in the very low frequency range, a
DC measuring instrument should be
used, for example an oscilloscope, a
DC voltmeter (B& K Type 2427 In
DC mode) or a DC Level Recorder
(B& K Type 2307 needs an external
DC offset; Type 2306 (portable)
may be used directly).

The thread on top of the low-fre-
quency coupler matches 1/2" adap-

tors and preamplifiers. The Pream-
plitier Type 2619 may be used to in-
vestigate the low-frequency re-
sponse of the microphone assembly
as a whole. For measurements at
very low frequencies and where the
response of the microphone itself
has to be investigated, use must be
made of the Microphone Carrier Sys-
tem Type 2631. For measurements
on 17 microphones, the 2631
should be fitted with a 17" — 1/2"
adaptor UA 0030, while adaptor
UA 0271 {(which contains a capacit-
ance matching device) should be
used for measurements on 1/2"
microphones. Two B&K micro-
phones are specially intended for
very low frequency measurements
with the 2631: Type 4146 (one-
inch) which allows measurements
to be made down to below 0,1 Hz
(—3dB) and Type 4147 (half-inch)
which allows measurments to be
made down to below 0,01Hz
(—1dB). The lower Ilimiting fre-
quency (—3dB) of the 4147 lies be-
tween 0,001 Hz and 0,005 Hz and
Is individually calibrated. With other
B & K microphones, the lower limit-
ing frequency (—3dB) is in the
range 1 to b Hz, depending on the
microphone type.

Measurements in a
Pressure Chamber

The 4221 can be placed in a pres-
sure chamber to investigate the mic-
rophone response with varying
static pressure. For this purpose,
the 4221 must be fitted with the
low-frequency coupler in order that
the whole microphone cartridge, in-
cluding pressure equalization vent
and any leakage path, be submitted
to the sound field. As air compli-
ance of the Internal cavity dec-
reases with Increasing static pres-
sure, the microphone sensitivity dec-
reases also. It the whole micro-
phone was not submitted to the
sound field — as is the case when
using an electrostatic actuator —
pressure equalization would result
in an increased response at low fre-
guencles. This Is lustrated In
Fig.25 which shows the low-fre-
quency response of a microphone
recorded at various static pressures
using both the 4221 and the elec-
trostatic actuator method. Note,
however, that the 4221 cannot be
used at high frequencies, where the
electrostatic actuator should be
used.
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the high-pressure coupler while the som20f= IF ———+ 1.31:@} — I E:FEG
other hole is fitted for example with ! = AN ]
a condenser microphone without di- e e == ;::: =i=s LR e I
aphragm (working as displacement T H—“_:___ =15 atm. s n;\; R el
transducer). The 4221 is operated F ——F 10 atm e N -
at a chosen sound pressure [evel 20m b — - }1\\1‘“».1 — e
and the output of the displacement - e - M ] -
transducer is measured. The sam- o4 = F__M
ple is replaced by the preamplifier " F e —it ‘ e
dummy and a new measurement iS  |owe . [ o HN e —————— -
performed at the same sound pres- wo m-cfrr:a 20 Hz 50 1.:3‘5 ) 200 500 1000 2000 5000 FI.GG;% 20000 D A |:a c lLin,ﬂ-ﬂ
sure level. From the ratio between Rply Troquensy 2o S S B

the two results and the impedance Fig.25. Typical low-frequency response of a condenser microphone at various static pressures

of the closed coupler, the acoustic a) measured using the 4221
: b} measured using an electrostatic actuator
impedance of the sample may be

derived.

Conclusion

The High Pressure Microphone
Calibrator Type 4221 s a constant-
pressure device. For the purpose of
very high pressure measurements,
this design has significant advan-
tages over a constant-volume-dis-
placement system such as a piston-
phone, which together with the
high dynamic sound pressure obtain-
able and the frequency range
covered, give it a wide range of ap-
plications, allowing comprehensive
investigation of the behaviour of
microphones and other pressure
transducers at high dynamic sound
pressures and/or at low frequen-
cies.

12



©1978 B & K Instruments, Inc.,, Cleveland, OH

Printed in U.S.A.

N

s,

B&K Instruments, Inc.

Bruel & Kjaer Precision instruments
5111 W. 164th Street, Cleveland, OH 44142 / Phone: (216) 267-4800

\)
D

\

R

oS

A

7.
\




