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PROPERTIES OF VERY SMALL HELMHOLTZ RESONATORS WITH
REGARD TO WALL PRESSURE MEASUREMENTS ‘

M, HERBECXK (GOTTINGEN)

Measurements of wall pressure fluctuaiions require pressure sensors of very small dimensions
and- very high sensitivity.- Frequency characteristics of very small resonators used for mesuring
the wall pressure Huctuations are investigated, The investigations are performed both theoreticaily
and experimentally,

1. INTRODUCTION

Measurements of wall pressure fluctuations require pressure sensors of very
small dimensions(') and high sensitivity (~1 mV/ub). Piezo-microphones may
have the desired small dimensions, vet the resulting sensitivity is often too low.
On the other hand, condenser microphones offer the desired sensitivity, but their
dimensions are often too large.

The influence of the microphone diameter can be reduced by mounting diaphragms
in front of the condenser microphone membrane. A diaphragm with the necessary
free space in front of the membrane forms a small Helmholtz resonator, whose fre-
quency respomse must be known w1th regald to the - spectrum of the wall
pressure fluctaations.

Since the classical theory of Helmholtz resonators is not sufficient for very small
resonators, the frequency characteristics of small resonators were investigated exper-
imentally and theoretically. This report will be confined to these investigations;
measurements of wall pressure fluctuations themselves will not be dealt with.

2. EXPERIMENTAL FACILITY

The arrangement chosen for the investigation of the Helmoholiz resonators
consists basically of the following: The enclosure consisted of a hollow cylinder
with an inner diameter of 2R=15 mm. TIts exchangeable top plate had a thickness
of I=1 to 8 mm. In the centre of the plate was a bore hole between 2r,=0.5 and
3 mm, which formed the neck of the resonator. The 1/2”" and occasionally the 1/4"
microphones from BRUEL and Kiasr were mounted concentrically into the movable
cylindrical plugs which formed the bottom plate. For the measurements, the distance
between the plug and top plate, i.e., the resonator height, is varied between 7=0.1

(Y) Smaller than the lowest wavelength to be measured.
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and 3 mm (accurate to within 0.03 mm). The joints between the plug and the cylin-
der bore were made by O-rings, which initially gave rise to widely scattered meas-
urement results. Even very small damage to the rings, later reduced by con-
structive measures but not definitely eliminated, caused leaks which increased the’
resonator damping in some cases by a multiple and slightly reduced resonator
frequency.

The resonance frequency f, and the power factor Q were defermined by two
methods. With the first method, the resonance characteristic of the Helmholtz resona-
tor at constant pressure (~5 pbar) and with variable frequency (0.2 to 5 kHz) was
recorded using a Briiel and Kjaer beat frequency oscillator, type 1013, and a Brilel
and Kjaer level recorder, type 2305, and the resonance frequency f, was determined
using a Hewlett-Packard counter, type 5233 L. The power factor @ was deter-
mined within an accuracy of +0.3 dB and the frequency f, within 1. In the second,
less exact procedure, a dying-out oscillation was generated by a pressure shock.
Here, in addition to the oscillation of the Helmholtz resonator, the resonance fre-
quency of the neck air column was frequently observed, weakened by the frequency
response of the microphone; it was approximately ten fimes higher than the Helm-
holiz resonator frequency. A quantitative investigation of this oscillation was not
carried out with regard to the changes in the experimental facility it would have
required. The results of both procedures for f, and O are comparable within the
measuring accuracy. Only the measurements with a neck length of /=8 mm
were quantitatively analyzed, since here the effects at the neck ends in relation to
the processes in the neck have merely the character of a correction. Since an analysis
of the Helmholtz resonator frequency characteristics showed that they correspond
well to those of the linear oscillation equation, the relationships between f, {(non-
-attenuated resonance frequency), f,, @, q (quality factor) and p¥ (loss coefficient)
resulting from this equation were used to evaluate the measurements:

o= 201444, q=olp*s  flfe=V 1402

3. THEGRETICAL ASPECTS

3.1. Equation of motion

Assuming that the mass is concentrated in the resonator neck, that the displace-
ment x of the air partiéles in the neck is everywhere the same and that the spring
forces are represented by the volume of the enclosure, the classical equation of
motion for the Helmholiz resonator is expressed by:

X+pe X 42 FVI) X=pF|(pl)

(X=Fx, F=mr? neck cross-section, / neck length, ¢ velocity of sound, V'=nR*h
volume of the enclosure, p pressure amplitude, p density, p,=w/q loss coeflicient).
Instead of I, we take the corrected value [ =I}mref2 [1]. With the acoustic con-
ductance G'=mn}/l,, the classical theory yields then for the non-attenuated resonance
frequency fo=c (G/V)*5/(2z) and for the power factor Qmq=2x(V/G°)"°.
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Comparison of the theoretical and experimental values of O for the small reso-
nators showed, however, that practically all the experimental data lay below the
theoretical values; the power factor differed in some cases by a factor of 10 or
more. It was possible to bring the theoretical and experimental results into
better agreement by employing the following corrections, even though some of
these are quite rough cstimates; some of the corrections were taken directly from
the literature and, in some cases, expanded, and some were newly developed.

3.2, Volume corrections

3.2.1. Corrections due to the stiffness of the microphone membrane. According
to [2], p. 24 — 25, the membrane of the 1/2”" microphone has a stiffness of St=x17.
-107 dyne/cm®. Thus an additional volume, the so-called equivalent volume V,,=
=1+ pof/Sta8.5 mm?, must be added to the original volume ¥V, (p, air pressure).
This corresponds to an additional enclosure height of 0.048 mm for the most
frequently used enclosure diameter of 15 mm. The abeve-quoted stiffness is a limiting
value for low frequencies, but up to 5 kHz, the complexity of the stiffness may be
neglected (see [2] for details). Due to the high stiffness of the 1/4”" microphone
membrane, its equivalent volume can be neglected here,

3.2.2. Corrections due to the neck wolume. Neglecting the neck volume Vy gives
a lower boundary and adding ¥y to V, gives an upper boundary for the effective
resonator volume. Here, the mean value 0.5 Vy was added to V. For a neck length:
of 8 mm, this corresponds to an additional enclosure height of 4{ry/R)> mm.

3.2.3. Corrections due to the adiabatic-isothermal transition. In the classical reso-
nator theory, adiabatic change of pressure is assumed; when the enclosure has very
small dimensions, however, the pressure changes are isothermal, so that the acoun-
stical impedance of the enclosure, Zy=rx pof(@Vo), falls to DPof(w Vy). and the
resonance frequency is reduced by the factor x~®°. The complex values for the
volume correction factor ¥y in the region of transition from adiabatic to 1sothermal
can be derived as a function of (£, pe,/A)"" k, see [3]. Further frequency corrections,,
c.g. those in [4], have not been considered because of their minor influence.

3.3. Corrections of the power factor Q

As it was mentioned above, the measured values of the power factor O have
mostly 1/10 of the values according to the classical theory, which considers ta-
diation losses only but does not account for the friction losses in the neck and
in the enclosure.

3.3.1. The loss coefficient of the neck. The loss coefficient of the neck py, which

was calculated approximately in [5] by assuming r0>]/1—:7c;, was determined anew

using the equation of the oscillating flow through a circular tube, neglecting com-
pressibility and heat conduction:
1

U, —V u,,+u,/r)=7 —1;-, p=p’ coswt.
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{The following functions pq, g, g; consist of sums, products and quotienfs of Kel-
vin functions, see [6], p. 379 ff). According to H. SAMULON [5], the foss coeflicient
due to friction in the neck pyis defined by:

on= Wf/mz?,
W, is the mean value of the power due to friction forces in the neck.
With ,
Y xoPo“;-"Io( 1 P)z
e’ _mo P2 Xo Po p o

and

1 phez -
p) xnﬂrro]/ wfv,

Wf 2%”17[ dtf u? rdr= n;alxoql/po(p T

the loss coefficient becomes _
pn=200q,/{x0 po—240) . and the quality factor
Gy =0{py= (%o Po—240)/(201);
gn=x7216—x3/360... for x,—0,
gy =%o/)2—0.5 for xq—roo.

3.3.2. The loss coefficient of the enclosure. The calculation of the loss coefficient
due to friction in the enclosure py is based on the simplifying -assumptions that the
velocity field in the enclosure may be approximated by the incompressible velocity
field between two, mﬁmtely large parallel walls with the distance h=2d, and that the

velocity is only a functmn of the distance y from the wall. Thus the caleulation
is based on the equation = .

A ‘ vu,,,, = cos (0f) .
‘With xo —d ]/co/v the quality factOr 1s expressed by
2r0 (cos (1/ 2 xo)+ cos (2 xo)) —sin (/2 x)—sin (/2 %0)
sin (/2 xo) —sin ()/2 xo) ’
ge=04d>wfv+... for x,—0,

gr=w/pg=

qENd]/?,w/f —1 for xoaoo..

4, COMPARISON OF THEORETICAF, AND EXPERIMENTAL VALUES

TFor comparison of the theom’ucal and expenmental values see Table 1 and
Fig. 1.
The resonance frequency f, wads calculated using the formula

c rD 1 P —

F=0n RV L,
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‘Table 1. The calculated and measured quality factors g: @ neck diameter, gy meck quahty factor,
ge enclosure q.f., gg radiation q.f., gc calcolated resonator q.f., g, measured resonator qf. (neck
length 8 mm, encloseure diameter 15 mm)

& 3mm @ =1mm
/i (mm)
N ge qr dc dnm Gy g qdc aar
0.1 L1038 102 102 243
0.15 10.5 206 172 327
0,20 47.4 539 99 4.61 . 10.1 310 237 3.9
0.30 45.6 823 107 6.55 635 | 942 498 325 477
0.40 44.0 10.9 115 8.10 840 | 882 645 372 511
0.60 41.8 15.8 130 10.6 112 | 809 931 432 538
0.80 39.4 203 143 12.3 13.2 759 119 463 543
1.0 377 24.5 156 13.6 14.6 716 143 476 538
1.5 34,8 34,3 183 15.8 16.9 644 198 485 531
2.0 32.6 43.1 208 17.0 17.4 600 249 482 508
2.5 30.9 51.3 231 15.7 17.7 564 297 473 487
30 29.6 59.3 250 18.3 17.4 537 342 463 467
3.5 28.5 66.8° 270 18.6 17.4 514 385 452 455
=2 mm : @ =0.5 mm
b {(mm). B -
an gE qr dc G I /7] de du

01 | 293 . 171 237 160 180 | 332 047 042 170
015 | 286 . 324 248 2.88 296 1 313 095 073 . L79
020 | 277 466 265 3.93 422 | 29 151 100 1.80

030 | 263 705 . 293 5.46 620 ; 278 278 139 182
To40 | 251 924 333 662 751 | 250 302 153 L
o60 | 234 133 368 831 922 | 2217 580 160 167
0.80 22,1 171 414 941 " 102 198 746 156  L.57
1.0 210 20.5 455 10.1 10.9 181 896 1.51 147
LS, 192, 286 54300, 113, . 0S5 . .15F 124 0 135 . 127
20 | 179 358 620 - 117 115 o131 153 121 . 112
250 | 1o ag 688 19" 1570 116 181 109 098
3.0 16.3 49.2 750 120 114 |=7101 203 096  0.88
© 3.5 156 0 5547 8100 120 e e o

with

L(om)=I+0.5mry,  h,(cm)=/-+0.0048 +0.4r2(R?

With larger neck diameters, the measured values lie, on the average, somewhat
above the calculated frequency values, contrary to the case:of small neck diameters,
No satlfactmy expiauatlon for the d1screpanc1es ~which he w1thm 109;, has as yet
been found. EE : '

" The calculated resulting quality factor g of the - Helmholiz resonator is based
on the equation: L o .
4z =qz gyt tagts
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gr, the quality factor due to radiation, is neglected for g, >100 gc. T he calculated
value g, and the measured value ¢ of the resulting quality factor agree rather
well for larger resonator heights, where g is essentially determined by the friction
in the neck. For the small resonator heights, the measured valnes, however, are

FikHz)
5

o1 g2l
a1 a3’ 1 2 pimm) a1 a3 1 3 himimn)

Fia. 1a. The calculated + and measured O resonance frequency f. as function of the resonator
height for an enclosure diameter of 15 mm and length of 8 mm with the neck diameter 2ro as

parameter
Fig. 1b. The calculated - - - and measured —— quality facotr ¢ as function of the resonator height
for an enclosure diameter of 15 mm and a neck length of 8 mm with the neck diameter 2rp as
parameter

considerably higher in the case of small neck diameters. Yet the values of ¢ and
gy are in better agreement when the roughly estimated, certainly too small values
of gz are used than when g is neglected.

An improvement of the calculation of the both loss coefficients due to fric-
tion in the neck and in the enclosure will be dealt with in the future.
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STRESZ CZENIE

“WEASNOSCI BARDZO MAEYCH REZONATOROW HELMHOLTZA PRZY POMIARACH
CISNIENIA NA SCIANKACH ZBIORNIKOW
Zbadano charalderystyki czestotliwodci rezonatoréw Helmholtza o bardzo maivch wymiarach
-przeznaczonych do pomiaru flukivacii ci$nienia na §ciankach zbiornikdw. Badania maja charakter
zardwno teoretyvezny jak i dodwiadczalny. )

Pesome

«CBOMCTBA OUEHB MAJIBIX PEIOHATOPOB TEJILMIPOJLIA TIPH W3MEPEHUAX
JABIIEHW S HA CTEHKAX PE3EPBYAPOB

VcCreROBatEl YACTOTHEIC XapakTePHCTRKE Pe3oHATOpoE [enpMrONLIa O¥EHh MATLX pasmMe-
BOB, OPEMHASHAYCHEEIN TS H3MeperHs QuyKTyaluH OaBlJeHds Ha CTERKax pesepsyapos. Hccmemo-
PaHBs MMEIOT TaX TeOPeTHVECKMil, KAK M SKCIEPHMENTAILHLEL XaparTep,

. MAX-PLANCK-INSTITUT
FUR STROMUNGSFORSCHUNG, GOTTINGEN
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